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Introduction to the materials and the
phenomena
The properties of phonons and spin excitations are fundamental to, for instance,
structural, magnetic, and transport properties of a material. Studying the dy-
namics of these excitations is of interest not only in view of the equilibrium
properties, but also in view of novel non-equilibrium phenomena. This thesis
focuses on the spin and phonon excitations in a particular class of materials,
called the organic-inorganic hybrids. These hybrid materials, because of the
large variety of crystalline forces and interaction ranges, offer the opportunity
to study an incredible variety of phenomena, including low-dimensional mag-
netism, ferroelectricity and thermochromism. In this introduction I want to
connect the materials and the phenomena investigated in this thesis with the
broader field of condenses matter physics.
The definition of condensed matter physics goes back to Yakov Frenkel, Phil
Anderson and Volker Heine, trying to unify the kinetic theory of liquids with
the field of solid state physics: condensed matter physics studies the solid and
the liquid states of matter and all systems that can be described with analogous
physical laws. The definition not only focuses on the subject, but also on the
method. For the same reason in this introduction I do not only focus on the
materials, but also on the physical phenomena and the methods.
One of the major challenges in condensed matter physics is that the systems are
composed by a large number of elements, be it atoms or molecules, –typically
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of the order of the Avogadro number, 6.022 1023–. It is in general virtually
impossible to write a full set of equations for all particles, but often it is pos-
sible to impose additional conditions which greatly simplify the problem. A
typical example is the system periodicity, by which the properties of the crystal
can be deduced based on the structural characteristics of a limited unit, called
the unit cell. The use of these conditions greatly reduces the number of de-
grees of freedom. More importantly new objects can be defined, having well
defined behavior and properties. Extremely well known examples are phonons
and magnons. These quasi-particles have a well-defined energy and interaction
rules and provide a simplified description helping to understand the system as
a whole. Magnons and phonons can be viewed upon as elementary perturba-
tions of respectively the magnetic and structural order. As a consequence any
perturbation of the equilibrium order can be described by a unique linear com-
bination of magnon and/or phonons. The main subject of this thesis is the
role of phonon and spin excitations on both equilibrium and non-equilibrium
properties of layered organic-inorganic hybrid materials.
1.1 Definition and terminology
The term “organic” (O) comes from the greek Oργανoν, which means organ or
instrument. The modern use of the term “organic” dates back to the 1st century
AD, when alchemists believed that living organisms where constituted of spe-
cial entities.1 Although the International Union of Pure and Applied Chemistry
does not offer an official definition, a possible definition is the following: organic
is a compound primarily consisting of carbon and hydrogen atoms. By defini-
tion inorganic (I) compounds are simply all non-organic compounds. Obviously
one may criticise these definitions, but the scope of the definition given here is
sufficient for this thesis. The importance is that it suggests membership of any
material to one of the two classes, and to associate it with specific interests and
methods. Apart from the difficulties in the definition, the fields of organic and
inorganic chemistry are quite different. One important difference is that while
inorganic materials are characterized by robust magnetic and electric properties,
organic materials are easier and cheaper to produce, as no expensive or cumber-
some production processes are required. This is one of the fundamental reasons
why a material combining both organic and inorganic constituents might be ex-
1These entities were thought different from those elements constituting the inanimate
things. This doctrine, called Vitalism, is now rejected by mainstream science, but the use
of the terms organic and inorganic remains.
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tremely interesting. A organic-inorganic hybrid (OIH) material is simply
a compound composed by both organic and inorganic building blocks. Since there
is obviously an infinite amount of materials combining O and I compounds, a
classification must be included in this introduction.
1.1.1 Classification
Among all possible schemes, the classification of hybrid materials according to
the dimensionality of the constituents connectivity is one of the most general
and meaningful ones[1]. Only covalent or ionic bonds are considered to pro-
vide connectivity, and any hybrid is then classified according to the class OnIm,
where n and m are respectively the dimensionality of the connectivity of the
organic and inorganic moieties. The best known OIHs are probably the coordi-
nation polymers and/or metal organic frameworks (MOFs)[2], which, with their
high degree of organic connectivity, form a large subclass of OIHs. They are
widely studied, particularly in view of their potential applications in catalysis,
gas separation, and storage [3, 4]. It should be mentioned that the term hybrid
is used also in the field of MOFs and coordination polymers, but it is considered
to be too general [2].
In this thesis I consider a OIH material specifically as a compound with a high
dimensional inorganic connectivity, which provides robust interactions leading
to interesting electronic, magnetic and optical properties. In particular I study
in this thesis a crystalline layered type of hybrids, well known for their intriguing
magnetic properties [5] and their cascade of structural phase transitions [6, 7].
The magnetic, ferroelectric and structural properties of these hybrids are the
main subjects of this thesis. In the following sections I will overview the main
properties of the layered hybrids, ranging from the synthesis to the physical
properties.
1.1.2 Synthesis and structure
The OIHs under investigation are layered systems with two dimensional in-
organic connectivity. The building blocks of the layered hybrids are organic
cations, with one or two NH3 heads, and perovskites like inorganic structures.
The crystals have general formula A2MXy or A
′MXy, where M is a transition
metal, X are typically halogen atoms (with y=3,4), and A (A′) are monovalent
(divalent) organic cations[8].
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Figure 1.1: Structure of PEACuCl at room temperature.
In this thesis I focus on Cu-based layered hybrids:
(A)2CuCl4,
where A can be phenylethylammonium (PEA), methylammonium (MA) or
ethylammonium (EA).
These layered type hybrids have a simple structure (see figure 1.1): corner-
sharing metal halide octahedra form isolated chessboard-like layers; the organic
molecules fill the space between the layers of octahedra, attached on both sides
of a given layer by hydrogen bonding via an ammonium head group. It should be
noted that it is possible to obtain chain like inorganic structures, like for instance
in [N(CH3)4]·HgCl3 [9]. The possibilities of tuning the structural properties by
synthesis had been investigated on various occasions [10, 11].
The Cu-based crystals I studied are grown by a self-assembly technique using
a two-step process as described previously [12, 13]. For example PEACuCl
crystals are obtained by water evaporation from aqueous solution of 2-phenyl-
ethylammoniumchloride (made by slowly adding a saturated HCl solution to
phenylethylamine) and CuCl2 · 2H2O salts. The obtained crystals are yellow-
ish transparent square plates, with the largest surface parallel to the inorganic
planes. Typical dimensions are 3×3 mm2, with a thickness between 150 µm and
1 mm. More details of the structure can be found in chapters 2 and 3.
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1.2 Physical phenomena
The variety of physical phenomena observed in this family of compounds can
be ascribed to the large differences in interaction strengths and force ranges
associated with the chemical bonding. While the organic molecules and the
inorganic layers are comprised of strong covalent and ionic bonds, both ionic
and hydrogen bonding are of importance at the organic-inorganic interface, and
Van der Waals forces largely govern the molecular arrangement in the organic
layers.
In the following subsections I describe the topics that will be studied in this the-
sis. In particular I divide the physical phenomena into two categories: i) equi-
librium properties of phase transitions and soft modes, and ii) non-equilibrium
dynamics studied by time-resolved experiment with femtosecond resolution.
1.2.1 Soft modes and phase transitions
Most second order structural phase transitions are partnered by the softening
of collective excitations [14–16] (soft modes), which are often observable in the
Raman and/or IR spectra [17, 18]. The theory of soft modes dates back 50 years,
when Cochran and Andersen related the divergence of the dielectric constant 








From equation 1.1 it is clear that the term ω ∝√(T − TC) is the main reason
for the nomenclature soft modes. The frequency of the modes decrease in the low
temperature phase up to TC , where the crystal becomes unstable and distorts
into a new phase. The distortion in the new phase is reproduced by the dis-
placements eigenvectors of the soft mode itself. In particular, as the vibrational
activity is related to the symmetry of the unit cell, a change of symmetry of the
crystal structure at the phase transition is expected. It is possible to describe
any type of phase transition, not only ferroelectric PTs, with the concepts of
order, symmetry, stability, collective excitations, rigidity and soft modes. Nu-
merous are the reviews on these topics[20–23].
Even more interesting are the cases where the soft modes of the system are
coupled with other degrees of freedom, as new interesting phenomena occur.
For instance, when a ferroelectric soft mode couples to an acoustic mode the
2The generalized form of equation 1.1 is called the Lyddane-Sachs-Teller relationship [19].
6 Introduction
transition become piezoelectric. In this cases the soft mode frequency does not
soften, and no divergence of  is observed, and the transition is called improper.
A similar phenomenon is indeed observed at the improper ferroelectric phase
transition in the hybrid material PEACuCl, subject of chapters 2 and 4. The
same concepts of symmetry, order and soft modes can be applied to magnetic
phase transitions. In particular magnetic systems are suitable to investigate the
dependence of magnetism on the space dimension of the lattice. In fact the spins
are weakly coupled to the structure, and it is possible to limit the discussion to
the spin Hamiltonian only. In chapter 5 I take advantage of these properties,
and investigate the magnetic ordering conditions in layered quasi-Heisenberg
magnets.
1.2.2 Non-equilibrium dynamics
Equilibrium of a system is defined with respect to its ground state, or, better,
with respect to its thermodynamical distribution. When such conditions are
not satisfied the system is in general said to be in a non-equilibrium state. By
definition the system, set in this peculiar state, is unstable and will relax to
the true equilibrium state with a characteristic time. During last twenty years
advances in time-resolved spectroscopy allowed the study of these relaxation
processes down to attosecond time-scales [24]. Also the extreme possibility of
impulsively inducing new phases, otherwise impossible to reach thermally (or
by application of a static external stimulus like a magnetic field or pressure), is
widely recognized. Examples of these phase transitions are the ultrafast demag-
netization [25, 26], opto-magnetic switching [27], metal-insulator phase transi-
tions [28] and lately even the stimulation of a superconductive state by light
[29]. Here we focus on optical stimuli, since at the moment they represent the
fastest available source of perturbation, giving the possibility to create strongly
non-equilibrium states. These phenomena, yet not well understood, have huge
potential in application technology, where faster switches and transport mech-
anisms are required.
In order to gain understanding of the thermal transport properties of an in-
sulating material the essential process to investigate is the scattering between
phonons. It is well known that in semiconductors, after light excitation, opti-
cal phonons are created which relax in short time-scales to acoustic phonons.
Acoustic phonons carry heat out of the excitation spot, because of their high
group velocity. Less is known about the acoustic-to-optical and the optical-
to-optical scattering mechanisms. Phonon processes are studied in chapter 5,
where a method to measure the heat capacity and the coupling between the
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phonons of a multicomponent system is described. In order to control the mag-
netic state of a system with light pulses the knowledge of how phonons, electrons
and spins are coupled is necessary. Light pulses can demagnetize a system[25],
induce spin precession [26, 27] or spin currents[30]. The effect of light excitation
depends on the material properties and also on the characteristics of the light
pulses themselves. The modification of the magnetic anisotropy in insulators
might be one of the ways to control the magnetic state of a system. The ef-
fects of light pulse excitation on insulating layered Cu-based systems is in fact
the subject of chapter 6. The OIH system, with their vast range of magnetic
parameters, offer an unique opportunity to analyse in detail the response of
the system to the perturbation of magnetic constants like the exchange or the
magnetic anisotropy.
1.3 Outline
As is clear from the thesis title I focus on Cu-based layered organic-inorganic
hybrids. The physical phenomena under investigation span a wide range, go-
ing from soft modes in improper ferroelectric transitions, low-dimensional mag-
netism to optically induced non-equilibrium states. For this reason a short
overview of the thesis might be useful:
Chapter 2 By combining Raman/IR spectroscopy and DFT calculations the
structural distortions leading to polar order in layered hybrid PEACuCl
are deduced from the analysis of the phase transition soft modes. Contrary
to suggestions in literature the displacive aspects of the phase transition
are shown, and a tilt of the dipolar organic molecules is proposed as the
origin of the dipolar ordering.
Chapter 3 The CuCl6 Jahn-Teller structural distortions, measured by x-ray
diffraction, are correlated to the thermochromic behavior of PEACuCl,
probed by visible absorption spectroscopy. In particular it is shown that
the material response to an increase of temperature is analogous to the
response to decrease of hydrostatic pressure.
Chapter 4 The energy transport properties of PEACuCl in proximity of the
ferroelectric phase transition are studied by a time-resolved method capa-
ble of resolving the heat capacity and the coupling of a multicomponent
system. The observed critical slowing down of the energy flow at TC
is caused by the divergence of the heat capacity of specific high group
velocity vibrational modes.
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Chapter 5 In this chapter I review the limiting conditions for a 2-dimensional
system to undergo a magnetic phase transition. In particular I focus on
the magnetic properties of the hybrids, which are studied by temperature
dependence Faraday rotation experiments.
Chapter 6 Spin precession dynamics in layered hybrids is induced by ultra-
short coherent light pulse excitation. In particular I show how the ob-
served increase of the magnetization at TC in MACuCl is caused by the
pump-induced enhancement of the magnetic anisotropy HA.
Keywords:
soft modes, phase transitions, improper ferroelectric, displacive order-disorder,
Jahn-Teller, phonon dispersion, phonon interaction, low-dimensionality, light-
spin interaction.
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Low-frequency Raman study of the ferroelectric
phase transition in a layered CuCl4-based
organic-inorganic hybrid1
The ferroelectric phase transition at TC=340 K in (C6H5CH2CH2NH3)2CuCl4
(PEACuCl) is studied by means of temperature dependent low frequency Raman
scattering, focusing on the coupling of a low energy librational mode to the order
parameter of the transition. Analysis of the symmetry and characteristics of this
mode links the dipolar order to the tilt angle of the organic cations. The thermal
evolution of the Raman spectrum demonstrates the displacive component of
the phase transition, in combination with order-disorder phenomena, and the
importance of the organic-inorganic interplay to the physical properties of the
compound. The ferroelectric properties investigated here can be generalized to
the family of layered organic-inorganic hybrids.
2.1 Introduction
Inorganic materials exhibit a rich variety of electronic properties and phe-
nomena, including ferroelectricity, ordered magnetism, spin liquid behavior,
(high temperature) superconductivity, and Mott metal-insulator transitions.
1This chapter is based on the following pubblication [1].
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Although their properties can be tuned to a limited extent by chemical doping
and/or substitution, they are not as versatile as organic materials. Additionally,
organic materials usually have the advantage of relatively cheap and easy pro-
cessability, for instance through spin-coating. In this respect, organic-inorganic
hybrid (OIH) materials – the crystalline combination of typical inorganic struc-
tures with organic molecules – form an interesting class of materials combining
the best of both worlds properties.
A general and useful approach to classify these hybrids is to consider the
dimensionality of the connectivity of the constituents [2]. The best known
OIHs are probably the coordination polymers, and/or metal organic frame-
works (MOFs)[3], which, with their high degree of organic connectivity, form a
large subclass of OIHs. They are widely studied, particularly in view of their
potential applications in catalysis, gas separation and storage [4, 5].
In this paper we focus on hybrids with two dimensional inorganic connectiv-
ity, in which the inorganic part has a structure reminiscent of the perovskites [6].
The well connected inorganic constituents provide robust interactions leading
to functional electronic, magnetic, and optical properties.
This family of OIHs has in particular been widely studied for its intriguing
magnetic properties [7] and structural phase transitions [8, 9]. The perovskite
based crystals have general formula A2MXy or A
′MXy, where M is a transition
metal, X are typically halogen atoms (with y=3,4), and A (A′) are monova-
lent (divalent) organic cations. These materials are ideal systems to study the
physics of low dimensional magnetism [7] because the distance between inor-
ganic constituents can be tuned by varying the organic molecules. In particu-
lar, one dimensional (y=3) [10, 11] and two dimensional [12, 13] (y = 4) type
hybrids offer the opportunity to investigate the implications of the Mermin-
Wagner theorem [14]. One surprising finding is that the layered CuCl4-based
crystals undergo ferromagnetic ordering with critical temperatures exceeding
10 K [15, 16]. A second focus in the research on layered OIHs concerns the
structural phase transitions that are often found at high temperature. These
layered hybrids have a simple structure [6]: corner-sharing metal halide octa-
hedra form isolated chessboard-like layers; the organic molecules fill the space
between the layers of octahedra, attached on both sides of a given layer by hy-
drogen bonding via an ammonium head group. As observed by Petzelt,[17] two
types of orthorhombic structures are typically adopted at room temperature:
a more symmetric one (Cmca, D182h) generally found for manganese compounds
and a more distorted one (Pbca, D152h) typical for copper compounds. The dif-
ference between these two structures is due to the Jahn-Teller activity of the
Cu2+ ions. Interest in these layered-type hybrids has been triggered by the
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frequent observation of a complex cascade of phase transitions that often occur
well above the magnetic ordering temperature. The variety of structural and
physical phenomena found in this family of compounds can be ascribed to the
large differences in interaction strengths and length scales associated with the
chemical bonding: the organic molecules and inorganic layers are comprised of
strong covalent and ionic bonds respectively; both ionic and hydrogen bond-
ing are of importance at the organic-inorganic interface, and Van der Waals
forces largely govern the molecular arrangement in the organic layers. A large
number of experiments have been performed in order to reveal the origin of
the various physical phenomena in layered hybrids: XRD [18–20], DSC[18, 21],
birefringence and microsopy [18–23], NMR and 35Cl NQR [24–27], Brillouin
scattering[28], neutron diffraction [29, 30], ultrasound experiments[31, 32], and
IR/Raman spectroscopy (e.g. [33–36]). The most widely accepted picture is
that the high temperature phase transitions are caused by reorientational order-
disorder dynamics of the organic cation, more specifically that of the NH3 head
group, as already discussed in early group theory studies[17] and NQR work
[24]. Although experiments are generally in good agreement with this model, a
number of studies have indicated that the inorganic moiety also plays a role in
the phase transitions [35, 37]. Soft mode condensation models have also been
described for similar compounds [17, 38–40], but experimental studies of soft
mode behavior[31, 33] have not yet clearly demonstrated a high temperature
transition with displacive characteristics in the layered hybrids.
Interest in the layered CuCl4-based hybrids has recently been renewed by the
observation of combined ferromagnetic and polar order [41, 42]. We note that
both ferroelectric and antiferroelectric ordering had previously been reported
in perovskite-based OIHs with one-dimensional inorganic connectivity [43, 44].
However, the structural phase transitions observed in the layered-type hybrids,
although widely investigated, had never been connected to polar ordering until
recently, when the possibility of combined ferromagnetic and ferroelectric order,
and consequently multiferroicity, was considered [45–47]. A prime example of a
perovskite-based layered hybrid undergoing both ferromagnetic (T = 13 K) and
a ferroelectric (T = 340 K) ordering is (C6H5CH2CH2NH3)2CuCl4 (PEACuCl)
[41], the subject of this chapter.
The physical origin of the ferroelectric phase transition at 340 K in PEACuCl
is still under debate. The models of dipolar ordering that have thus far been
used for layered CuCl hybrids [41, 42] are based on the previously mentioned
reorientational disorder dynamics of the NH3 group in the rigid multifold po-
tential of the inorganic layers. However, our analysis suggests that the phase
transition at 340 K in PEACuCl also has a displacive character, involving tilt-
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ing of the polar organic molecules. In particular, this work shows that interplay
between the organic and inorganic moieties, which has previously often been ne-
glected, plays a fundamental role in determining the physical properties of the
compound. Furthermore, the presence of similar phase transitions in most of
the layered hybrids suggests that the results obtained here for PEACuCl can be
generalized to other compounds in the same family. The general aspects of dis-
placive phase transitions have been investigated over the past 50 years, focusing
on concepts like stability and ferroelectricity[48], soft modes and symmetry[49–
51], and dielectric response and mode softening.[52, 53] The results presented
in these works are fundamental to discussion of the origin of the ferroelectric
ordering observed in layered CuCl-type hybrids.
In order to investigate the origin of the onset of polar order in PEACuCl
at 340 K we performed temperature-dependent polarized low-frequency Raman
scattering, THz absorption experiments and density functional theory (DFT)
calculations. Low frequency Raman/IR modes are often directly coupled to
the order parameter of a phase transition [54, 55] and thus provide information
about the dipolar order. As we will discuss below, the temperature dependence
of some of the phonons indeed provide clear evidence of a connection between
the structural symmetry modification and the appearance of a polar state below
340 K. Before addressing this issue, however, we will first discuss the experi-
mental approach, the DFT results, and summarize the general features of the
low frequency polarized Raman/IR spectra of PEACuCl, which are typical of
many of the layered OIHs.
2.2 Experimental details
The hybrid compound (C6H5CH2CH2NH3)2CuCl4 (PEACuCl) is a layered fer-
romagnetic and pyroelectric insulator.[41] Transparent square platelet crystals
were obtained by slow evaporation from solution.[56] The platelets are c-oriented,
with edges typically along a′ = (a+ b) and b′ = (a− b), where a and b are the
orthorhombic axes in the plane.
At room temperature the thermochromic crystals are yellowish, but turn
green on cooling below ∼200 K.[22, 57, 58] The crystal structure has previ-
ously been determined by X-ray diffraction.[59] The inorganic CuCl6 octahedra
share corners to form two-dimensional sheets separated by a bilayer of organic
molecules, here phenylethylammonium (PEA).[6, 60] At 100 K, X-ray diffrac-
tion data suggested that the non-polar Pbca space group (D152h) is adopted.
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However, pyroelectric current measurements have shown that PEACuCl is po-
lar below 340 K, hence the actual space group must be polar.[41, 61] The true
space group is not yet known and we will thus use the Porto notation to indicate
the symmetry of the vibrational modes. The unit cell, (7.21×7.27×38.24) A˚3,
is composed of 188 atoms, corresponding to 4 formula units per unit cell (for
a schematic picture of the unit cell see the inset to Fig. 2.2b or Refs.[6, 61]).
At 13 K the material undergoes a magnetic transition to a ferromagnetically
ordered state, where the easy axis lies in the inorganic plane.[16, 41] The fer-
roelectric polarization is not the primary order parameter of the transition,[49]
but only a function of it, thus the ferroelectric ordering at ∼340 K has improper
character. This can be evinced for instance by the non-Curie-Weiss behavior of
the dielectric function[53, 62, 63] above TC .[41]
Polarized Raman spectroscopy measurements were performed in back-scattering
configuration using a triple grating micro-Raman spectrometer (T64000 - Jobin
Yvon). The resolution of the spectrometer is better than 2 cm−1. The sample
was mounted on the cold finger of an optical flow cryostat, with a temperature
stabilization better than 0.1 K. The 647 nm laser line of a Krypton laser was
used to excite the sample, keeping the fluence on the sample below 5 kW cm−2.
Throughout this paper we will use the Porto notation (x, y) to indicate the po-
larization of the incoming (x) and scattered (y) light.
THz measurements were performed using a THz transmission spectrometer
which has been described previously.[64] The propagation direction was par-
allel to the c-axis of the sample and the electric field polarization of the THz
pulse was in the ab-plane.
Vibrational frequencies and eigen modes at the Γ-point of the low temperature
phase were calculated with periodic, unrestricted DFT (following [65] with the
PBE functional) using the CRYSTAL [66–69] package with the Doll basis set for
Cu,[70] the Apra` basis set for Cl,[71] and the 6-21G* for C/N/H [72–74] (CRYS-
TAL basis set web-page [75]). The crystal was optimized with (ion positions)
and without (both ion positions and cell parameters) symmetry constraints at
T = 0 K (in the ferromagnetic state). The k-points were selected according to
the procedure of Monkhorst-Pack [76] for a 4×4×4 mesh.
2.3 DFT calculations
The DFT calculations suggested that the real symmetry of the structure might
be lower than the experimentally suggested Pbca structure, in agreement with
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Structure 100 K Pbca P1
a (A˚) 7.21 7.21 7.57
b (A˚) 7.27 7.27 7.41
c (A˚) 38.24 38.24 36.82
α (◦) 90 90 89.8
β (◦) 90 90 92.2
γ (◦) 90 90 89.9
CuCl-1 (A˚) 2.288 2.374 2.366–2.341
CuCl-2 (A˚) 2.853 2.780 2.983–3.021
CuCl-3 (A˚) 2.304 2.432 2.472–2.475
θB (
◦) 6.6 6.5 18.1
Table 2.1: Experimental structural parameters of PEACuCl determined in
space group Pbca at 100 K (labelled “100 K”) compared with parameters
obtained from the T = 0 K DFT calculations with and without symmetry
constrains (labelled “Pbca” and “P1”, respectively). We note that both for
the in-plane Cu-Cl distances (CuCl-1 and CuCl-2) and the out-of-plane dis-
tance (CuCl-3), two different values are allowed for P1 symmetry.
the observed pyroelectric behavior.[41] The first optimization was performed
within the experimentally derived unit cell (at 100 K, a=7.21 A˚, b=7.27 A˚,
c=38.24 A˚) and space group (Pbca) as an approximation. The resulting Cu-
Cl distances and the buckling angle θB of the inorganic octahedra are in good
agreement with the experimental values (see Table 2.1). The structural parame-
ters associated with the organic groups are in line with the experimental values.
However, the frequency calculation showed that this structure does not corre-
spond to a genuine minimum. Four imaginary frequencies of 36 cm−1 (B2u),
33 cm−1 (B1g), 22 cm−1 (Ag), and 20 cm−1 (Au) were found. Symmetry re-
duction along these imaginary modes results in a structure with P1 symmetry.
Accordingly, the crystal structure was fully optimized (including the unit cell
parameters) in P1. The optimized structure has lattice parameters of a=7.57 A˚,
b=7.41 A˚, c=36.82 A˚, α = 89.8◦, β = 92.2◦, and γ = 89.9◦, which are within
5 % of the experimentally determined lattice parameters. The Cu-Cl distances
deviate somewhat from the experimentally derived parameters in Pbca, but are
still within 5 %. A summary of the relevant structural parameters is given in
Table 2.1. It should be noted that the deviation of the buckling angle from the
experimental value (θB = 6.6
◦) is considerably larger: θB = 18.1◦. For this
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Displacements scheme Frequency (cm−1)
















Table 2.2: DFT calculated displacement scheme of the low-frequency Ra-
man/IR modes in PEACuCl. The red lines and red arrows represent the
distortion of the unit cell with respect to the equilibrium position, drawn
in black. In the table are depicted (from left to right): i) the side view of
the unit cell perpendicular to the b-axis; ii) the top view perpendicular to
the c-axis (there are two nearly degenerate modes per shear mode); iii) the
calculated frequency according to Pbca symmetry and, iv), to P1 symmetry.
The intrinsic dipole of the PEA molecule is also drawn, with a green arrow,
for the type-3 mode displacements.
structure, no imaginary frequencies were found. A very rough estimate of the
possible electric dipole per unit cell was obtained by calculating the dipole mo-
ment from the Mulliken charges: this leads to a “dipole moment” of 41 Debye
(1 D=3.34×1030 Cm). The direction of this dipole is in the ab-plane, and it
makes an angle of 29◦ with respect to the b-axis. We note that this is only
indicative for the possibility of a dipole moment that lies within the ab-plane.
We now focus our attention on the calculated vibrational modes, and in par-
ticular on the modes below 60 cm−1, since, as will be shown later, these carry
the most important information on the structural phase transition in the high
temperature range. A comparison of the calculations involving the most intense
modes below 400 cm−1 is given in Table 2.3; comparing the calculated frequen-
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cies and the measured high-energy modes is difficult because of the large number
of vibrations above 400 cm−1 (approximately 400 modes), but the agreement
was in general good. The modes between 10 cm−1 and 30 cm−1 can be repre-
sented as three types of shear mode of the organic layers with respect to the
inorganic layers. As depicted in Table 2.2, the lowest energy mode, type-1 in
the table, can be represented as a bending of the unit cell along the central inor-
ganic layer. We note that there are two nearly degenerate modes per shear type;
the modes can be distinguished by the displacement direction in the ab-plane
(shown in the second column of the table). The type-2 modes at ∼20 cm−1
involve out-of-phase shear of the two organic moiety bilayers. The type-3 shear
modes at ∼25 cm−1 can be described as in-phase shear of the organic layers, in
contrast to the type-2 modes. For the type-3 modes the intrinsic dipole of the
organic molecules is indicated by arrows. We will show later that these modes
are very interesting because they represent the only low-energy vibration that
can lead to dipolar ordering. Finally, the modes between 30 cm−1 and 60 cm−1
can be represented by various c-axis rotational modes of both the PEA cations
and the inorganic octahedra, although a modest mixture of shear and squeezing
motion is always present. It is interesting to note that the DFT calculation
shows that most modes below 200 cm−1 have a strong organic-inorganic libra-
tional character.
2.4 Vibrational properties
Group theory analysis predicts that for Pbca (D152h) symmetry there are 276 Ra-
man active modes and 216 IR modes. Above 400 cm−1, the Raman active modes
are pure stretching modes of the organic cation.[77, 78] The mode assignment
and thermal evolution of the high energy intramolecular organic vibrations stud-
ied for similar compounds [e.g. (CnH2n+1NH3)2CuCl4] have previously given
evidence for rotational disorder of the NH3 group.[77–79] The Raman active
CuCl modes, low energy bending modes of the cation and external lattice modes
are found in the spectral region below 400 cm−1.[34] The polarized Raman spec-
tra of PEACuCl in this region are shown in Fig. 2.1, where the left panel (a)
displays the 4 K spectra and the right panel (b) the room temperature spectra.
Table 2.3 summarizes the most intense observed modes at T = 4 K and 296 K,
together with the measured configuration and assignments based on DFT pre-
dictions. For simplicity, we will hereafter refer to the phonons by their room
temperature Raman shifts. The assignment of the modes above ∼60 cm−1 was
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Figure 2.1: Overview of low energy phonons at 4 K (a) and 295 K (b), with
their symmetry configurations. The energy assignment of the modes is given
by comparison with similar CuCl4-based hybrids (see Table 2.3). Note that
Porto notation is used, with a′ = (a+ b) and b′ = (a− b).
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made by comparison with previous reports on similar materials. The modes at
172 cm−1, 180 cm−1, 249 cm−1 and 287 cm−1 are pure octahedral vibrations
[34, 36] of the inorganic constituents. The mode at 348 cm−1 is composed by
a skeletal CCCN bending and a NH3 torsion.[78, 80] The mode at 73 cm
−1
had previously been assigned to a CuCl6 libration mode.[81] However, from a
comparison with the Raman spectra of related compounds, we conclude that it
is actually a translational mode of the cations perpendicular to the layers. For
compounds with a lighter cation this mode is found at 130 cm−1 (methylammo-
nium, MA) and 105 cm−1 (ethylammonium, EA).[33] For PEACuCl one finds,
from a simple mass scaling of the frequency (i.e. assuming that the interaction
strengths are similar) a value of 66 cm−1, which is very close to the observed
frequency. The DFT calculations are in good agreement with this mode as-
signment. The only discrepancy concerns the c(ab)c mode at 287 cm−1, which
was previously described as a CuCl mode in a study of MACuCl.[36] Such a
mode should also appear for PEACuCl, but the DFT calculation assigns it as a
cationic bending (with 4 nodes along the long axis).
The Raman/IR active modes below 60 cm−1 have a librational organic-
inorganic origin and probe the most interesting aspects of the 340 K phase
transition. A displacive phase transition is in general partnered by the soft-
ening of collective excitations [48, 83, 84] (soft modes), which are observable
in the Raman and/or IR spectra [50, 51]. Indeed two modes show a distinct
temperature dependence, which at room temperature are observed at 15 cm−1
and 40 cm−1 (from here on referred to respectively as α and β). The mode
α is both Raman active – possibly totally symmetric, being active in parallel
configuration – and IR active in the distorted phase. Approaching TC from
below, the mode intensity, as we will show later, couples to the order parameter
of the phase transition, and disappears in the high temperature phase. Such
behavior is consistent with improper ferroelectric phase transitions[49]. In Fig.
2.2a the IR and Raman activity of the low frequency modes is shown around
100 K, where the modes are better resolved. It is clear that α is both IR and
Raman active, experimental evidence that the real space group is of lower sym-
metry than the centrosymmetric Pbca structure resolved by X-ray diffraction;
the temperature dependence of the mode positions is shown in Fig. 2.4a (re-
spectively triangles for IR- and circles for Raman-activity). We note that an
IR active mode is also observed at 33 cm−1, which can be ascribed to a shear
mode as depicted in Table 2.2. We cannot disregard the possibility of the β
mode also being IR active; a weak IR mode is observed at the same frequency,
but the assignment is not as reliable as for the α mode.
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Similar modes have been observed previously but were assigned in differ-
ent studies to either octahedral rotations [80] or organic librations.[81] To shed
more light on the origin of these modes we also measured the low energy a′(cc)a′
spectra of (C6H5CH2CH2NH3)2MnCl4 (PEAMnCl) and (CH3CH2NH3)2CuCl4
(EACuCl), in which the first compound has the same organic constituent as
PEACuCl but a different 3d element, and the second compound has the same
inorganic constituent but a different, smaller, organic molecule (see Fig. 2.2a).
We note that EACuCl and PEACuCl have a similar buckling angle for the octa-
hedra, and also the same magnitude of Jahn-Teller distortion. The low energy
modes of PEAMnCl are observed at similar frequencies to those of PEACuCl,
but there are significant mismatches with respect to the modes of EACuCl. This
strongly suggests that these modes are not associated with the buckling of the
distorted CuCl octahedra, but rather have an organic origin. Both group theory
analysis[17] and our DFT calculation suggest that the low-frequency modes are
consistent with the shear modes described in Table 2.2.
A possible description of the low frequency modes is given by a group theoret-
ical analysis of the phase transition sequence I4/mmm → Cmca → Pbca (D174h
→ D182h → D152h) described in Ref. [17]. This phase cascade was explained in
terms of slowing down of the hindered rotation of the NH3 group. The Cmca
→ Pbca transition, analogous to the transition inferred from X-ray diffraction
at 340 K in PEACuCl, happens at the Y-point of the Brillouin zone, leading
to unit cell doubling and activation of a totally symmetric low frequency mode
in the Raman spectra. The soft mode displacement pattern deduced from Ref.
[17] can be represented as a shear mode of the organic layer with respect to the
inorganic layer along the a′-axis.[17, 85] As shown below, the lowest frequency
mode α disappears at 340 K, an indication of coupling to the order parameter
of the phase transition.
The shear-like character of the mode is further supported by the results of our
DFT calculations where we find two low frequency modes at ∼25 cm−1, which
have a normal mode displacement consistent with the type-3 shear mode de-
scribed in Table 2.2. As mentioned above, the displacements correspond to
a shear mode of the organic layer against the inorganic framework along one
in-plane axis (see inset of Fig. 2.2b). Unfortunately the low symmetry of the op-
timized structure found by the DFT calculations does not allow for an accurate
analysis of the Raman/IR selection rules, which would allow the determina-
tion of an appropriate space group. It should be mentioned that the polar space
group P21 is also compatible with the DFT-calculated structure, but with larger
acceptance. Another possibility is P21ca, which is obtained when a single glide
plane is removed from the Pbca structure. We currently have no preferential rea-
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Figure 2.2: a) IR and Raman spectra in the low-frequency range around 100 K.
The α mode is both Raman and IR active. b) Comparison of the room tem-
perature a′(cc)a′ Raman spectra of PEACuCl (middle curve), PEAMnCl
(top curve), and EACuCl (lower curve). The inset shows a schematic rep-
resentation of the displacements associated with the Raman/IR mode α,
which is found at 15 cm−1 (at 300 K) for both PEA compounds, as ob-
tained from DFT calculations (red and black arrows indicate respectively
the inorganic and organic displacement directions; see also Table 2.2).
son to choose either space group over P1, so the latter will be used from here on.
Figure 2.3 shows the low frequency a′(cc)a′ and c(aa)c spectra at selected
temperatures. These spectra are plotted in terms of the reduced intensity Ired,
i.e. their measured intensities Imeas have been normalized by the population
factor 1 + n(ω, T ), where n(ω, T ) is the Bose-Einstein distribution function. At
low temperature the α and β modes are found as narrow (resolution limited)
bands at 25 and 53 cm−1 (see Fig. 2.1; the room temperature Raman shifts of
these modes are respectively 15 and 40 cm−1). Apart from a small decrease in
frequency and modest broadening, these modes remain essentially unchanged up
to T = 200 K. Upon increasing the temperature further, both modes broaden
and soften considerably. This continues up to TC = 340 K, above which α
disappears, whereas β remains visible as a strongly overdamped broad band.
To quantify these observations we used a model consisting of a Debye relaxor
mode in combination with Lorentz oscillators[84] to model the phonon bands:
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Figure 2.3: Temperature evolution of low energy phonons α, at ∼15 cm−1
(a′(cc)a′, a), and β, at ∼40 cm−1 (c(aa)c, b). On heating, the modes
continuously soften and broaden. The intensity of α decreases to zero at
TC , indicating a change of symmetry in the system. In contrast, β is still
Raman active above TC . The measured intensity Imeas is scaled as Ired =
Imeas /(1+n(ω,T).
.
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Here, Iqe is the strength of the quasi-elastic (q-e) scattering with relaxation
time τqe, and Ii is the strength of the i-th phonon response centered at Ωi with
width Γi (Γi represents the normal Lorentzian width when Ωi  Γi). All these
parameters were left free during the fitting process.. This equation describes
the data very well. Figure 2.4 shows the resulting temperature dependence of
the two low energy modes, α and β. The mode α (Figs. 4a and 4b) shows
soft-mode behaviour. Upon increasing temperature the energy of this mode
softens by more than 50 % and the line width broadens in non-linear fashion.
We note that the agreement between the IR and Raman measurements of the
mode position Ωα is very good, which discounts the possibility of an accidental
overlap of two different modes. The scattering strength of this mode shows
particularly interesting behaviour. Below 270 K it is fairly constant, but it shows
a steep decline upon further increasing the temperature until it disappears at the
phase transition. The mode β (Figs. 4c and 4d) shows similar characteristics,
exhibiting a non-linear increase of its line width and a mode softening of its
frequency upon approaching the phase transition from below. However, in the
vicinity of the phase transition the mode becomes overdamped, and it persists
above the phase transition as a strongly overdamped mode. The mode intensity
constantly increases with temperature. For the α mode the increase in line
width is well described by the standard two-phonon decay process (Γ ∝ (1 +
2/(exp(~Ωα/2kT )+1)), see fit in fig. 2.4a). The non-linear increase of the width
is due to mode position softening. The mode β shows a similar behavior, but
a more accurate method of fitting and modeling overdamped modes is required
to interpret these results, and is beyond the scope of this paper. However, it
should be mentioned that the normal two-photon decay mechanism does not
describe the data well and models like the Andrade disorder model seem to be
necessary[86, 87].
The behavior of the low energy modes suggests that the phase transition
has displacive character, probably in combination with the established order-
disorder phenomena. The actual phase transition has weak first order na-
ture, which is in line with the observation of temperature hysteresis in heat
capacity[41] and birefringence experiments. As will be discussed in the remain-
der of this paper, the low energy mode α is directly coupled to the order pa-
rameter of this T = 340 K transition and indirectly coupled to the polar nature
of the room temperature phase of PEACuCl.
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Figure 2.4: Raman shift Ω, width Γ and strength Ired of the phonons α (a
and c) and β (b and d). The a′(cc)a′ mode shows non-linear softening and
non-linear line-width broadening while heating (a). The strength Ired of α
(c) is discontinuous and decreases to zero when approaching TC from below.




As discussed above, the ferroelectric phase transition at 340 K in PEACuCl
has a displacive nature in conjunction with order-disorder phenomena. Exam-
ples of the coexistence of order-disorder and displacive effects are known in the
literature.[88, 89] Pure displacive and pure order-disorder transitions can be
understood as two limiting cases of a simple system:[90, 91] a chain of atoms,
elastically coupled, where each atom resides in a double-well potential. The
transition is of order-disorder type when the elastic force is weak compared
to the depth of the double well, and purely displacive in the opposite case.
The order-disorder character of the high temperature phase transition in lay-
ered organic-inorganic hybrids is well documented [92] for instance by Raman
spectroscopy,[33] NMR [25, 27, 92] and NQR [24] studies and is interpreted in
terms of a hopping probability of the NH3 group between various minima in
the multiwell potential generated by the distorted CuCl octahedra.[25] The soft
mode energy, in pure order-disorder transitions, does not go to zero at TC , and
an increase in the mode strength on approaching TC and strong overdamping
are generally observed. In contrast, the α mode remains well resolved even close
to TC . The fact that Ωα does not soften down to zero at TC might indicate a
crossover from displacive to order-disorder. The organic-inorganic shear charac-
ter of the mode α demonstrates that, when investigating the physical properties
of similar hybrids, the interplay and coupling between the organic and inorganic
constituents should be taken into account.
The intensity of the mode α is coupled to the order parameter η of the transi-
tion. As discussed in Ref.[51], in the ordered phase the totally symmetric soft
mode is always R-active, but it is also IR-active only if the ordered phase be-
longs to a polar class. The Raman selection rules for the α mode (see Table 2.3)
suggest that α is totally symmetric –α would have Ag symmetry in Pbca–. The
THz experiments prove the IR-activity of the mode, suggesting that the phase
of PEACuCl below TC is indeed polar. The strength decrease of α is consistent
with the soft mode behavior of improper ferroelectrics[49]. Assuming the lowest
order interaction of the polarization P with the order parameter (a term Pη2
in the free energy expansion, but the term depends on the crystal structure[51])
the phonon strength is proportional to the square of the order parameter η:
IT<TC = γη
2, (2.1)
where γ represents the coupling between the order parameter and the mode
strength. The order parameter η can be expressed by a critical exponent a,[51]
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defined by
η ∝ (TC − T )a. (2.2)
Figure 2.5 shows a bi-logarithmic plot of the temperature dependence of the
strength of the mode α. Between the phase transition and 270 K, this mode
strength shows the expected power law behavior I ∝ (TC − T )2a, with critical
exponent a = 0.33± 0.08, in very good agreement with the exponents observed
for similar phase transitions.[19, 92, 93] We note that the critical behavior holds
over a very broad temperature range ∆T : ∆T ' 0.2×TC , as observed in various
cases.[94]
Finally we turn to the polar nature of the room temperature phase of
PEACuCl. The ferroelectric polarization, as well as the mode α - as just dis-
cussed -, are coupled to the order parameter of the phase transition.[41] The
displacements of the eigenvector of the mode α represent, at least qualitatively,
the distortion happening at TC = 340 K. In agreement with the phase tran-
sition sequence Cmca → Pbca (D182h → D152h, high to low temperature phase)
as studied in Ref.[17], the phase transition soft mode is a linear combination
of octahedral and cationic librations (note that the buckling of the octahedra
also contributes to the displacement pattern of the soft mode, in agreement
with Ref.[41]), represented as type-3 shear of Table 2.2. Such mode is indeed
obtained also by our DFT calculations, at a frequency of ∼25 cm−1, in good
agreement with the observed Raman/IR shift of α (Ωα ∼25 cm−1 at 4 K). The
condensation of such mode would lead to a tilt of the organic molecules with
respect to the inorganic framework. Since the electric dipole of the PEA cations
is 13 D (1 D=3.34×1030 Cm), 2 this indeed leads to a polar state, provided that
the tilt angle alternates in the direction perpendicular to the layered structure,
which is the case for the type-3 mode. A tilt angle of the cations with respect
to the c-axis (according to the type-3 mode in Table 2.2 and Fig. 2.2b) of
only ∼ 0.07◦ is sufficient to explain the observed polarization density of 250
µC/m2.[41] Such a tilt angle would be difficult or impossible to observe using
standard X-ray diffraction techniques.[59] Although this tilting of the organic
molecule in PEACuCl may fully explain the observed magnitude of the polar-
ization, it is expected that hydrogen bond ordering of the ammonium ion, as
discussed in Ref. [41], may also play a role. Assuming the tilt to be the main
mechanism of the ferroelectricity, the observed polarization should increase pro-






(EA+) were obtained by a DFT PBE/6-311G** calculation (GAMESS-UK,[95] geometries
were optimized at PBE/6-311G**) and were found to be 13 D and 4 D, respectively.
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Figure 2.5: Bi-logarithmic plot of the strength Ired of the lowest energy
phonon α as a function of (TC − T ). Below (TC − ∆T ) the system is
stable and the mode strength is constant. A continuous symmetry mod-
ification sets in between TC − ∆T and TC and the strength decreases as
Ired ∝ (TC − T )2a. Since the phonon amplitude is directly coupled to the
order parameter η of the ferroelectric phase transition,[41, 49] Ired describes
the appearance of polar order below TC .
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portionally to the intrinsic dipole moment of the organic molecule.
2.6 Conclusion
The data presented here clearly demonstrate the displacive aspects of the 340 K
ferroelectric phase transition in PEACuCl. The continuous structural modifi-
cation, probed by the intensity of a low frequency Raman/IR mode (α in the
text), sets in at ∼270 K and is concluded at TC=340 K with a first-order-like
transition (already demonstrated in Ref. [41]). We suggest that the polar order
of the room temperature phase of PEACuCl arises from a tilt of the organic
molecules with respect to the inorganic plane that alternates in the c-direction
(see type-3 mode, Table 2.2). The predicted tilt of the organic cations of ∼ 0.07◦
might be beyond the sensitivity of X-ray diffraction measurements. Contrary
to the existing literature, where only the orientational dynamics of the organic
cation have been discussed, we have shown that the physical properties of this
family of hybrids are determined by the interplay between the inorganic and
organic constituents.
Most of the CuCl4-based compounds [20, 22, 23] undergo a similar phase tran-
sition in the range between 320 K and 360 K. In analogy to the present example
of PEACuCl, the apparent Cmca→ Pcba (D182h → D152h)[51] transitions reported
in other CuCl4-type hybrids might actually be ferroelectric transitions to sym-
metries lower than Pbca.
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Chapter 3
Optical spectroscopy study of temperature
induced structural changes in a Jahn-Teller
active CuCl4−6 layered hybrid system
1
The hybrid material Copper (II) tetrachloro-bis(phenyl ethyl ammonium) (C6H5
CH2 CH2NH3)2CuCl4, or PEACuCl, has been investigated by temperature de-
pendent spectroscopic absorption experiments. The absorption bands observed
in the near-infrared region (1.3 eV - 1.9 eV) generally exhibit redshifts with
increasing temperature. The temperature induced energy shifts of the spectral
components are shown to be consistently related to temperature induced Cu-Cl
bond length changes. Additionally, the thermochromic color change is caused
by a charge transfer band edge red-shifting (in the visible region 2.0 eV - 2.8 eV)
with increasing temperature. By comparison with similar Cu-based systems, it
is suggested that this shift is caused by broadening and strengthening of the
band.
3.1 Introduction
Hybrid materials draw growing attention of researchers worldwide in view of
the novel properties offered by their unique combinations of the robust and use-
1This chapter is based on the following pubblication: [17].
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ful electronic properties of inorganic materials with the chemical and structural
versatility of organic molecules that can be readily incorporated in a system
[1–3]. A large number of these hybrid materials are being synthesized and stud-
ied intensively. They can be classified according to the dimensionality of their
inorganic (I) and organic (O) connectivity [3]. Some of those hybrid materials
with a three dimensional (3D) framework, such as Zn-1,4-benzenedicarboxylate,
Ni-glutarate, and Co-succinate, have been reported to exhibit ferromagnetic be-
havior at TC = 4 K and ferrimagnetic behavior at TC = 10 K, respectively [3];
these phenomena do not occur in the individual organic and inorganic build-
ing blocks. The potential for utilization of organic-inorganic hybrid materials
for enhanced performances in light emitting diodes, FET devices, spintronics,
optical switching and multiferroics have been reported in the literature [3–5].
Another group of hybrid crystals which have attracted attention are those
composed of perovskite-like layered structures, as the inorganic part, and or-
ganic cations, as the organic part, such as (CnH2n+1NH3)2MCl4 with M =
Mn, Fe, Co, Ni, and Cu [1]. These materials, in which the organic building
blocks are molecules with different linear alkyl chain lengths (n) such as methyl
ammonium (MA) and ethyl ammonium (EA), have been studied extensively in
connection with two dimensional magnetism [6, 7], structural phase transitions
[8–10] and Jahn-Teller (J-T) distortions [11, 12]. It is well known that the Cu2+
ions in the perovskite structure are strongly J-T active, giving rise to changes
in the Cu-Cl bond lengths and hence to structural distortions of the CuCl6
octahedra [1].
The role of Cu-Cl-Cu inorganic bond is an interesting subject of study as
this may lead to indirect magnetic interaction, or the so-called superexchange
interaction. This interaction between the two magnetic Cu2+ ions is mediated
by the non-magnetic chlorine ion and plays an important role in the magnetic
properties, either ferromagnetic or anti-ferromagnetic [7]. The strength of this
interaction depends on the Cu-Cl bond lengths and Cu-Cl-Cu bond angles,
which are varied by the Jahn-Teller distortion. The corresponding electronic
structure is expected to be accordingly affected.
In this respect, it is interesting to study the J-T activity of Cu-based hybrids
also in relation to the recently observed ferroelectric ordering [13]. It had been
shown that (C6H5CH2CH2NH3)2CuCl4 (PEACuCl) is an improper ferroelectric
material with critical temperature of 340 K [10, 13]. The most likely origin of
the electric dipole ordering is a correlated tilting of the dipolar organic cations
with respect to the inorganic layer [10]. Although this model is sufficient to
properly describe the transition, also the orientation of the NH3 group at the
organic-inorganic interface, driven by the buckling of the inorganic octahedra
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respect to the normal to the inorganic planes [13, 14], might play a role.
In this work we investigate the coupling between the electronic and the
structural degrees of freedom in PEACuCl by absorption spectroscopy. The
measurements are performed at various temperatures (5-360 K) in the wave-
length range covering the Cu d-d transitions as well as p-d charge transfer (CT)
transition. The resulting data are compared with X-ray diffraction (XRD) re-
sults [13, 15] and theory [16]. From this we deduce the energy level scheme
of Cu2+ ion and Cl− cation and discuss the relation between the 340 K phase
transition and the Jahn-Teller distortion in PEACuCl.
3.2 Experiment
The single crystal of PEACuCl used in this experiment was grown by a self-
assembly technique using a two-step process as described previously [1, 13].
Yellowish transparent square crystals are obtained by water evaporation from
aqueous solution of 2-phenylethylammoniumchloride (made by slowly adding
a saturated HCl solution to phenylethylamine) and CuCl2 · 2H2O salts. In
order to measure the optical absorption spectra, the PEACuCl samples were
glued to a copper holder using a varnish and mounted in a continuous liquid
nitrogen flow cryostat, or a Helium vapor bath cryostat. The absorption spectra
were measured with a Halogen lamp as the light source. For detection a fiber
monochromator was used between 80 K and 300 K, while in the temperature
ranges 5-30 K and 300-360 K, a more accurate lock-in detection technique has
been employed.
3.3 Results and discussion
The crystal structure of PEACuCl consists of layers of the corner sharing CuCl6
octahedra (2D perovskite structure) sandwiched between two phenylethylammo-
nium cation layers. Prior to presenting our experimental results and discussion,
it is useful to briefly recall the X-ray diffraction (XRD) results, since some of
the structural data will be used later to calculate the energy of the Cu2+ elec-
tronic transitions. We performed single crystal XRD experiments (supplemen-
tary data), consistent with previously reported data[15]. The crystallographic
space-group below the improper ferroelectric phase transition at TC = 340 K it
is found to be Pbca (D152h), while it is Cmca (D
18
2h) above the phase transition
(see Refs. [10, 13] and supplementary data in [17]). As can be observed in table
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Table 3.1: Cu-Cl distances as determined by XRD experiments at different
temperatures (see supporting data). The refined XRD crystallographic struc-
ture is found to be Pbca (D152h) below TC = 340 K, and Cmca (D
18
2h) above
TC . The relative error of all given values is below 0.1 %. θB is the buck-
ling angle of the octahedra, defined as the angle between the inorganic plane
normal and the vector connecting Cu with the out-of-plane Cl.
Unit cell (A˚) In-plane Out-of-plane
T(K) a b c θB (deg) Cu-Cl (A˚) Cu-Cl (A˚)
100 K 7.225 7.271 38.30 6.735 2.290 2.859 2.308
295 K 7.317 7.340 38.64 5.613 2.292 2.905 2.298
378 K 39.00 7.354 7.391 0 2.289 2.924 2.285
3.1 the long in-plane Cu-Cl distance (of ∼2.9 A˚) is increasing with tempera-
ture while the out-of-plane Cu-Cl distance (of ∼2.3 A˚) is decreasing. The short
in-plane Cu-Cl distance is approximately constant.
A typical absorbance spectrum of PEACuCl in the visible and near infrared
range, measured at room temperature, is shown in figure 3.1 (symbols). To-
gether with the data, the figure also shows a decomposition in Gaussian peaks
and a baseline (drawn lines). The absorption bands in the near infrared region
(1.2 eV-1.8 eV), called A and B in figure 3.1, are known to be phonon assisted
Cu2+ d-d transitions[18], whereas the onset band, visible above 2.3 eV, is due to
Cu-Cl p-d charge transfer (CT) transitions. The bands strengthen and broaden
upon increasing temperature, as can be observed from the inset of figure 3.1. Of
particular interest is redshift of the edge of the CT band which is responsible for
a thermochromic color shift of the crystal from green to yellow while heating.
In order to assign the optical transitions, a temperature dependent fit of
the optical spectra was performed, yielding the temperature dependence of the
amplitude, width and central frequency of the bands. The increase of the Cu d-d
bands, shown in figure 3.2a, is consistent with phonon-assisted transitions[18],
which predict the amplitude A to grow as A ∝ coth(ωeff/2kT ). The parameter
ωeff ∼ 110 cm−1 represents the effective phonon frequency assisting the photon
absorption. The width of the bands (fig. 3.2b) shows a linear increase with
temperature, γi = γi0 + α
iT , with γ0 being the 0 K width (γ
A
0 ∼ 58 meV,
γB0 ∼ 110 meV) and α the thermal broadening (αA ∼ αB ∼ 0.13 meV/K). This
observed behavior is consistent with previous observations of phonon-assisted
transitions[18, 19]. Interesting is the behavior of the central frequency of the
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Figure 3.1: Room temperature absorbance (optical density) spectrum of
PEACuCl (symbols) together with a decomposition into Gaussian peaks
and a baseline (drawn lines). The inset figure shows the temperature de-
pendence of the optical density for selected temperatures between 100 K
and 300 K.
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Figure 3.2: Temperature dependence of the amplitude (a) and the width (b)
of the Cu d-d transitions (symbols). The behavior of both parameters is
well described by a phonon assisted transition model (drawn lines). c) Tem-
perature dependence of the peak position of the Cu d-d transitions. The
blue dots represent the expected values as calculated from the Cu-Cl dis-
tances (see table 3.2) using the theoretical model by Valiente et al. [16], as
in equation 3.1.
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Table 3.2: Jahn-Teller distortion parameters for the CuCl6 octahedra as de-
fined in Ref. [16] calculated using the XRD data from Ref. [15]. The defini-
tion of the parameters are: Qθ = 2/
√
3(R3 − R1 − R2), Q = (R1 − R2),
Qa1g =
√





 , where and R1 and R2 are the equatorial Cu-Cl distances
and R3 the long axial distance. The relative errors are below 1 % except for
∆e (given in parenthesis), where we estimate an error of 2 % based on the
errors of the a and b parameters in equation 3.1.
T(K) Qθ(A˚) Q(A˚) Qa1g (A˚) R(A˚) ρ(A˚) ∆e(eV)
100 K .647 .018 -.109 2.485 .647 1.20 (± 0.02)
295 K .704 .006 -.077 2.499 .704 1.29 (± 0.03)
378 K .735 .004 -.075 2.499 .736 1.33 (± 0.03)
modes, which shows a gentle redshift upon going to higher temperatures, with
a basically equal slope for the A and B bands (see fig. 3.2c). Note that the
determination of the parameters of the higher energy CT band is unreliable,
due to the strong interdependence of the Gaussian parameters when fitted to
the onset of the band only. Measurements on thinner samples (≤ 2 µm) are
necessary to accurately evaluate the CT band parameters. In general, from
our measurements, the band edge shift is linear with temperature and, as will
be discussed later, is most likely due to broadening and strengthening of the
band rather than to an energy shift of the transition. We will return to the CT
thermochromism after assigning the Cu d-d transitions.
The temperature dependence of the peak positions of the d-d transitions
originate from changes in the J-T distortion of the CuCl6 octahedra. The re-
lation between band shifts as measured in optical spectra and the Jahn-Teller
splitting has been discussed in detail by Valiente et al. [16]. Their model
allows one to predict the J-T splitting of the electronic energy levels from
the Cu-Cl distances measured by XRD by making use of the normal coordi-
nates Qθ = 2/
√
3(R3 − R1 − R2), Q = (R1 − R2), Qa1g =
√





 (see table 3.2). R0 = 2.53 A˚ is the average Cu-Cl distance
in equilibrium geometry, as defined in [16, 20]. The inorganic octahedra are
elongated (Qθ > 0) at all temperatures, and slightly compressed (Qa1g < 0).
Additionally it is interesting to note that the J-T distortion coordinate Qθ is
increasing with increasing temperature, indicating an increase of the CuCl oc-
tahedral elongation at higher temperatures. Given Qθ and Q we estimated the
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Figure 3.3: A sketch of the energy level splittings of the Cu2+ levels in
PEACuCl due to the crystal field and J-T effect.
J-T splitting using the model of Valiente [16]:
∆e = aρ− bρ2, (3.1)
where a = 18200 (A˚ cm)−1 and b = 5050 (A˚2cm)−1. The calculated J-T
splitting parameter ∆e = 4EJ−T is also given in the table 3.2, and compared
with the observed redshift of the absorption peaks of PEACuCl in figure 3.2c
(symbols). While the absorption bands A and B are redshifted with increasing
temperature, the J-T splitting increases, showing that this cannot be the cause
of the observed redshift.
The optical transition scheme that is consistent with the experimental and
theoretical results is given in figure 4.4. Note that the actual symmetry of the
structure is D2h but, as it is only slightly different from D4h, we will discuss the
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Table 3.3: Parameters describing the linear temperature dependence of the
Cu2+ electronic transititions. The assignment of the transitions is given
according to figure 4.4.
ω = ω0 + βT ω0 (eV) β (eV/K)
A 1.339 ± 0.001 (- 11.9 ± 0.4) 10−5
B 1.590±0.001 (- 9.2 ± 0.4) 10−5
∆e 1.153±0.001 (46.7± 0.5) 10−5
10Dq 0.93 -33 10−5
distortion only in terms of D4h symmetry, as in Ref. [16]. The Cu d-d bands
observed in the absorbance spectrum are due to b2g → b1g and eg → b1g transi-
tions (corresponding to respectively A and B bands). Note that we use the same
notation as [16]. The C transition a1g → b1g is not sensitive to the crystal field
splitting, and hence its energy, ∆e, should increase with increasing temperature.
Unfortunately this transition does not show in the measured spectrum due to
selection rules (note that the electric field of the incident light lies in the ab
plane). The temperature dependence of the three observed bands results from
a decrease of the crystal field splitting, 10Dq, combined with an increase of the
J-T splitting , ∆e. In particular the crystal field strength must decrease more
strongly than the J-T splitting increases upon increasing temperature to cause
the observed redshift of both t2g → eg transitions. It is possible to calculate
the temperature dependence of the crystal field splitting 10Dq from the tem-
perature dependence of the central position of the electronic transitions (the
measured A, B bands and ∆e, calculated with equation 3.1), since the center
of gravity of the transitions is constant. The energy of the Cu d-d electronic
transition, as well as for ∆e and 10Dq, is well described by ω(T ) = ω0 + βT ,
where ω0 is the 0 K energy, T the temperature and β the thermal coefficient.
The resulting zero-Kelvin energies and thermal coefficients β are given in table
3.3. Note the considerable decrease of crystal-field splitting 10Dq in opposition
to the increase of the J-T energy. We briefly discuss now the origin of this effect.
The temperature decrease acts on the CuCl6 octahedra as an increase of
hydrostatic pressure, which causes an increase of the buckling of the octahedral
and a decrease of J-T effect. The effects of pressure on layered Cu-based hy-
brids had been investigated by Aguado et al. [21], who found that the octahedra
tilts upon compression because of the difference between overall lattice and lo-
cal CuCl6 compressibility and the stability of J-T distortion. In particular it
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is shown that the J-T distortion slowly decreases with increasing hydrostatic
pressure. This is indeed in agreement with our observation where, with decreas-
ing temperature, the J-T distortion decreases while the crystal field increases.
Also the buckling of the octahedra θB (defined as the angle between the layer
normal and the vector connecting Cu to the out-of-plane Cl ion), is increasing
with decreasing temperature, in agreement with this picture.
The absorption band at higher energy region (2.4 eV - 2.8 eV) is assigned to a
CT band corresponding to the transition from the split-levels of the mainly Cl−
dominant t1u orbitals to the mainly Cu
2+ dominant b1g (dx2−y2) level, according
to Ref. [16]. The Cl t1u orbitals are generally expected to split into two levels
corresponding to a2u (D2h-allowed) and eu orbitals of D4h group (see figure 4.4).
The CT bands are therefore associated with transition from this Cl− energy level
to the Cu2+ b1g energy level. In Ref. [16] the dependence on pressure of the CT
transition had been studied. There it was shown that an increase of pressure,
which corresponds in our case to a decrease of temperature, causes a redshift of
the CT bands and a strength increase of the a2u → b1g transition (D2h-allowed).
These effects are appreciable only at high pressure (>45 kbar), and opposite to
the observed behavior of the band edge in our absorbance measurements. Thus
we conclude that the CT edge redshift is due to thermal broadening and possibly
an increase of the transition strength, and not due to strong changes in the p-d
transition energy.
We now return to the question of the role of the J-T distortion in the ferro-
electic phase transition of PEACuCl. The first thing to note is that the charac-
teristics of the Cu2+ absorption bands are not modified by the presence of the
phase transition. It is in general expected that, going through a phase transi-
tion, the degrees of freedom coupled to the order parameter η undergo a change.
Given the linearity of all the parameters describing the absorption bands, the
data give no evidence of any coupling to the ferroelectric phase transition at
340 K (neither to the phase transition at 240 K [22]). This observation is in
agreement with Raman spectroscopy [10], where the temperature dependence
of the Raman active inorganic Cu-Cl modes is also shown to be insensitive to
the phase transition. The behavior observed for PEACuCl is in contrast to ob-
servations in some other Cu-based hybrids where the phase transitions do have
a more drastic influence on the optical transitions [11, 23]. It would therefore
be interesting to study the coupling of the order parameter to other degrees of
freedom, like the CuCl6 buckling angle, the critical temperature or the cationic
tilt angle, in other members of the hybrid family as well.
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3.4 Summary and conclusion
The absorption bands observed in PEACuCl correspond to phonon assisted Cu
d-d transitions, in the near IR region (1.2-1.8 eV), and to Cu-Cl p-d charge
transfer (CT) in the visible region (2-2.6 eV). The redshift of the Cu d-d tran-
sitions with increasing temperature is caused by a decrease of the crystal field
splitting which overcomes the increase of the J-T splitting. The absence of
discontinuities in the electronic transitions at the ferroelectric phase transition
show that the coupling of the order parameter to the J-T distortion is very
weak or even absent. The redshift of the CT edge, which is responsible for
the thermochromism in this compound, is probably mostly due to a broadening
and strengthening of the transition, rather than to a change in p-d transition
energy. The temperature increase acts on the Cu2+ electronic transitions as a
decrease of pressure [21]. Although different organic cations might exert differ-
ent “pressures” on the inorganic layers, we expect that the model proposed for
the thermal shift of the electronic transitions in PEACuCl holds for all OIHs
containing Jahn-Teller active ions in a perovskite-like structure.
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Chapter 4
Optical decoupling of the phononic heat
capacity contributions in the organic-inorganic
hybrid (C6H5CH2CH2NH3)2CuCl4 in the
proximity of a ferroelectric phase transition1
In this chapter we describe a fully optical method to measure the heat capac-
ity of different structural parts of a composed system and their coupling. The
method is based on the non-thermal ultrashort excitation of one of the building
blocks of the compound and the analysis of the relaxation dynamics at different
temperatures. Here we investigate the interplay between the organic and the in-
organic moieties at a ferroelectric phase transition in a layered organic-inorganic
hybrid. The divergence of the heat capacity of specific high group velocity vi-
brational modes, impossible to isolate from static measurements, is detected in
proximity of the ferroelectric phase transition at 340 K in the title compound.
Our results indicate the dominant role of a mixed organic-inorganic mode for
the ferroelectric phase transition at 340 K in PEACuCl. The method can be
generalized to investigate the transport properties and the inter-subsystem cou-
pling constants in proximity of phase transitions with diverging heat capacity
terms.
1This chapter is based on a manuscript (in preparation), with authors: Antonio Caretta,
Michiel C. Donker, Diederik Perdok, Davood Abbaszadeh, Alex O. Polyakov, Remco W. A.
Havenith, Thomas T. M. Palstra, and Paul H. M. van Loosdrecht.
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4.1 Introduction
In this chapter we study the properties of low energy high group velocity
phonons, in the so called organic-inorganic hybrids, in proximity of a ferro-
electric phase transition. Layered Cu-based hybrid materials are a new class of
multiferroics, with approximately 10 K magnetic ordering temperatures and fer-
roelectric phases above room temperature. The ferroelectric phase transition at
340 K in (C6H5CH2CH2NH3)2CuCl4 (PEACuCl) has improper character and
its physical origin is still under debate. Possible explanations of the development
of dipolar order are: i) reorientational motion of the NH3 group at the inorganic
interface [1, 2] and/or ii) the tilt, respect to the inorganic plane, of the whole
dipolar cation. According to the first model the dipolar ordering is driven by
the buckling of the inorganic octahedra, which disappears above TC and causes
disordering of the NH3 groups. The second model relies on the condensation of
a hybrid mode, which leads to a tilting of the organic cations; the tilt of the
dipolar cations then give rise to an in-plane electric polarization [3] (see chapter
2). Elastic constant measurements [4, 5] showed that acoustic modes are also
strongly coupled to the high temperature phase transitions in layered hybrids.
Acoustic modes, or more in general high group velocity (HGV) phonons, deter-
mine most of the transport properties of the material. In order to investigate
the thermodynamical properties of HGV phonons, and their coupling to the
other system constituents, non-equilibrium experiments are necessary.
In following sections we describe the time-resolved optical method used to de-
termine the heat capacity of HGV phonons and the coupling to optical phonons,
at the ferroelectric phase transition in PEACuCl. The method is based on the
selective excitation of the inorganic elements, Cu and Cl, and the detection of the
thermalization dynamics by probing the linear birefringence. It is found that
a diverging component of the heat capacity, originating from HGV phonons,
causes the critical slowing down of the relaxation. The implications of these ob-
servations to the origin of the ferroelectric phase transition at 340 K in PEACuCl
are later discussed. Also the the advantages and the possible applications of the
described technique will be considered in the final section.
4.2 Experimental details
The layered organic-inorganic hybrid (C6H5CH2CH2NH3)2CuCl4 is a transpar-
ent multiferroic insulator. Details of the structure and the multiferroic proper-
ties can be found in refs. [1, 3]. Small platelets are formed by slow evaporation
4.2 Experimental details 61
from aqueous solution of 2-phenylethylam- monium chloride and CuCl2· H2O
salts. The structure consists of corner sharing CuCl6 octahedra forming chess-
board like sheets (along the ab plane), the empty spaces filled from both sides
by organic cations, oriented perpendicularly to the layers [1, 6](see right inset
figure 4.1). The crystals are yellow at room temperature and have a large flat
surface corresponding to the ab plane perpendicular to the c axis. The ferromag-
netic phase transition at 13 K and the improper ferroelectric phase transition
at TC=340 K have extensively been described in refs. [1, 3, 7, 8] and chapters
2, 3 and 5.
Absorbance measurements are performed with the light propagating along
the c-axis, perpendicularly to the layers, by a standard lock-in technique with a
Halogen lamp as source, a mechanical chopper, and a monochromator. Figure
4.1 shows the recorded absorbance spectra at 300 K. The Cu d-d transitions are
observed as a double peaked band around 1.2–1.8 eV, whereas the onset of the
Cl(3p) - Cu(3d) charge transfer band is observed at approximately 2.5 eV. It is
in particular the shift of this latter absorption onset which is responsible for the
observed thermochromic effects in this material. Note that the thermochromic
effects are not directly coupled to the high temperature phase transitions as
the onset shifts continuously with temperature due to a continuous structural
distortion of the inorganic octahedra [9] (and chapter 3).
Frequency resolved birefringence measurements are performed with photo-
elastic modulation (PEM, see supplementary information), at room temperature
(red line in figure 4.1). The temperature dependence of the birefringence is per-
formed at 1.91 eV (650 nm), between 280 K and 360 K. As for the absorbance
measurements, the samples are placed at normal angle of incidence. The polar-
ization of the light is chosen at approximately at 45o from the a-axis in order
to maximize the observed birefringence. As can be seen in figure 4.1 (left inside
figure) the polarization rotation θ decreases linearly from room temperature up
to TC . At TC a first-order like step occurs (with ∼5 K thermal hysteresis) after
which the slope of the curve
∣∣∣∂θ(T )∂T ∣∣∣ considerably decreases.
Differential Scanning calorimetry was performed using a DSC Q1000 (TA-
Instruments) in modulated mode on ∼10 mg samples. The heating rate was
1 K/min, the amplitude of temperature modulation was 0.5 K and the period
of modulation 100 s . Values of cP are calculated via the reverse cP method
[10], after calibration with sapphire samples. The specific (mass) heat capacities
c
(DSC)
P of powder samples and single crystals are in good agreement. As can be
observed from figure 4.2a, c
(DSC)
P can be decomposed into a step-like component,
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Figure 4.1: Absorbance, − ln(T )/d (T transmission and d thickness), and bire-
fringence, ∆n, of PEACuCl sample at 300 K. The two NIR bands around
1.5 eV are phonon assisted Cu d − d transitions and the strong absorp-
tion edge at 2.5 eV is the onset of the Cl (3p)-Cu(d) charge transfer (CT)
transitions. Inside: left) birefringence as function of temperature near the
ferroelectric phase transition at 340 K; right) detail of the crystal structure
at the organic-inorganic interface.
4.2 Experimental details 63
3 0 0 3 2 0 3 4 0 3 6 0
1 . 0
1 . 5  C P ( D S C ) C P ( 1 )




T e m p e r a t u r e  ( K )
T C
3 0 0 3 2 0 3 4 0 3 6 0
0
5
1 0  C P





T e m p e r a t u r e  ( K )
Figure 4.2: a) Specific (mass) heat capacity c
(DSC)
P near the improper ferro-
electric phase transition at 340 K. Three components contribute to c
(DSC)
P :
a first order-like step function c
(1)
P , a narrow peak at TC corresponding to
latent heat LH(TC), and (see figure b)) a diverging term c
(2)
P , symmetrically
decreasing moving away from TC .
c
(1)
P , indicative of the first order character of the phase transition, a narrow









P (see figure 4.2b),
symmetrically decreases moving away from TC , where it reaches a maximum of
approximately 10% of the total heat capacity.
The vibrational frequencies and eigen modes at the Γ point phonons of the low
temperature phase are calculated (DFT, PBE functional) using the CRYSTAL
[11–14] package with the Doll basis set for Cu [15], Apra` basis set for Cl [16],
and the 6-21G* for C/N/H [17–19] (see also the Crystal basis set web-page [20]).
The crystal was fully optimized (both ion positions and cell parameters) without
symmetry constrictions. The k-points were selected according to the procedure
of Monkhorst-Pack [21] for a 4×4×4 mesh. The final optimized structure has
lattice parameters of a=7.57 A˚, b=7.41 A˚, c=36.82 A˚, α = 89.8◦, β = 92.2◦, and
γ = 89.9◦, which is within 5 percent of the experimentally determined lattice
parameters. In figure 4.3 the energy of the vibrational modes along the y-axis
is shown as a function of x = 1−∑i∈Inorganic q2i , where qi are the normalized




i = 1 – of the inorganic ions (Cu and
Cl).
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i represents the nor-
malized mean square displacement of the inorganic ions Cu and Cl. The
modes may be separated into predominantly inorganic modes (I), at x ∼ 0,
predominantly organic modes (O), at x ∼ 1, and hybrid modes (H), at
x ∼ 0.5 as indicated in the figure. The inset figure shows the relative con-
tribution to the total heat capacities of the three components as a function
of temperature, assuming Einstein phonon heat capacity. The relative con-
tribution of CI fairly small due to the limited number of inorganic ions in
the unit cell.
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The phonon diagram of figure 4.3 underlines the separation in energy of the
phonon-types: i) pure inorganic modes, at x=0, confined around 250 cm−1; ii)
a large number of hybrid modes, with x∼ 0.5, having energy below 200 cm−1
and iii) organic modes, at x=1, above 300 cm−1. It is reasonable to accordingly
define the organic (O), the inorganic (I) and the hybrid (H) modes. The inside of
figure 4.3 shows the relative contribution of the three type of phonons to the total
heat capacity. Partial heat capacities are calculated with the Einstein model, in






total heat capacity. The plot indicates the huge contribution of the H modes
to the total heat capacity, and that the I modes contribute to Ctotal less than
10 %.
Time-resolved birefringence (TRB) experiments are performed with a 1 KHz
repetition rate Hurricane laser (spectra physics). The fundamental of the laser
at ω~ = 1.55 eV (800 nm) is used as a pump. The 120 fs long pulses are focused
on the sample to a spot with a diameter of ∼120 µm. The probe pulses at
1.91 eV (650 nm) are generated using a TOPAS Optical Parametric Amplifier
(second harmonic of the signal). A probe polarization ratio Es/Ep ∼ 105 is
obtained using a Glan-Taylor prism, which stretches the pulse to about ∼200 fs.
The are performed in transmission geometry with the sample mounted in a
KONTI IT (cryovac) cryostat with temperature stabilization better than 0.2 K.
The detection of the probe polarization change is performed using a standard
balanced photo-detection technique, with synchronous chopping at 500 Hz (see
set-up in supporting information.).
4.3 Preliminary considerations
This section is divided as follows: i) I first discuss the effects of the pump pulses
on the thermodynamical properties, as well as the energy transfer dynamics of
the system; second ii) I calculate some relevant physical quantities, which are
fundamental for the comparison with the experiments.
The pump excitation at ~ω = 1.55 eV selectively excites the Jahn-Teller
Cu-Cl inorganic phonon modes. As can be observed from the absorbance mea-
surements (figure 4.1) a photon at 1.55 eV hits the center of the phonon assisted
Cu d-d transitions. The photo-excitation of the electron-hole pairs relaxes to
Cu-Cl Jahn-Teller modes, because of the strong electron-phonon coupling. It
is known that in semiconductors these non-radiative decay processes happen
within few hundreds of femtoseconds [22]. Each absorbed photon releases an
energy ∆q ∼ 0.25 eV, which corresponds to the excess photon energy respect
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Figure 4.4: Measured induced rotation ∆θ(t) at 300 K (energy density 1.5
mJcm−2). The polarization rotation values are converted to temperatures,
with the use of the linear temperature dependence of the birefringence (in-
side figure 4.1). The inside figure shows the expected variation of the sub-
systems temperature: strongly coupled (SC) phonons are instantaneously
excited by the laser pulse while the umperturbed (U) phonons, initially
cold, slowly thermalize with the SC phonons.
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to the band gap (EGap ∼ 1.3 eV), and than this energy spreads in the excited






where CP is the excited volume heat capacity and nabs is the number of absorbed
photons. Note that spatial heat diffusion and auger recombination are not
relevant at the considered time scales of the experiment (< 1 ns).
The equilibration temperature ∆T∞ can be probed by the change of the
birefringence angle θ, measured by the time-delayed probe pulse. Because of
the linear temperature dependence of θ (see inset figure 4.1) we can write θ(T +
∆T∞) = θ(T )+
∂θ(T )






∆T∞ ∼ −(1.7◦/K)∆T∞. (4.2)
An increase of the temperature corresponds to a decrease of θ.
This is indeed observed in TRB experiments. As can be observed in figure 4.4,
after the pump arrival (fluence φ = 250 nJ), θ starts to decrease exponentially,
and reaches a minimum ∆θmin ∼ −40 mdeg, at approximately 30 ps.
The saturation value ∆θmin can be quantitatively compared with the expected
temperature increase ∆T∞. CP is the heat capacity of the volume of the sam-
ple excited by the laser pulse: a cylinder having a diameter of 120 µm (spot




where αω is the absorbance at 1.55 eV. Given the room temperature (mass)
specific heat capacity cP = 1 J/(gK), the excited volume V and the density
ρ = 1.49×103 kg/m3 we find CP = cP ρV ∼ 2.1 10−6 J/K.
Considering a pump pulse energy Φ =250 nJ (which corresponds to 1.5 mJ/cm2
energy density, 0.1% of the Cu ions are excited), and that all photons nAbs =
Φ
~ω




Φ ∼ 20 mK. (4.3)
Such change of temperature corresponds, with the use of equation 4.2, to a de-
crease of θ of ∼ −34 mdeg, in good agreement with observations. This indicates
that the system behaves as a composite system, made of two separate parts:
i) the ensemble of phonon which are strongly coupled (SC) to the initial exci-
tation, like the JT modes, and ii) the ensemble of the remaining unperturbed
(U) phonons. As sketched in the inside of figure 4.4, the temperature of the SC
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Figure 4.5: a) Thermalization dynamics of the organic temperature ∆TU in
the vicinity of the phase transition at 340 K. b) Single exponent fit results
showing that, as the temperature increases towards TC , the relaxation time
τ diverges and the saturation temperature ∆T∞ slightly decreases.
phonons, TSC , is instantaneously risen by the photo-excitation at 1.55 eV while
the temperature of the U phonons slowly increases, reaching a maximum at late
times. The measured change in birefringence ∆θ, which in principle is a linear
function of both systems: ∆θ = c1∆TSC + c2∆TU , is sensitive only to TU , since
c1  c2 (the value of c2 is the same as in equation 4.2), so that
∆θ ∝ −∆TU . (4.4)
Note that the selectivity of the probe polarization to the U system temperature
is also confirmed by the frequency dependence of ∆n (red line in figure 4.1). As
observed in figure 4.1 (red line), the Cu d-d electronic transitions do not affect
the shape of ∆n, indication that the origin of the birefringence is a high energy
internal electronic transition of the organic molecules.
4.4 Results and discussion
Figure 4.5 shows the transient response (expressed as ∆TU (t)), for a variety of
temperatures, in the vicinity of the ferroelectric phase transition. The measure-
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ments are performed at constant pump fluence Φ ∼ 250 nJ/pulse. One clearly
observes that, upon approaching TC from below, the thermalization process
becomes slower, and the saturation temperature ∆T∞ decreases. The transient
response can be understood in terms of a simple two temperature model. As
before we consider the system as composed by the SC and the U phonons. Both
systems are respectively described by the temperatures TSC and TU and the
heat capacities CSC and CU . The two systems are thermally coupled through
a phonon-phonon coupling constant g. As initial condition we assume instan-
taneous excitation of the SC component: ∆TSC(t = 0) = ∆Q/CSC . The heat
equation describing the heat flow from SC to U is given by:
dQSC
dt
= −g(TSC − TU ). (4.5)
Since the total system is isolated, at least for the considered time scales, we
have dQSC + dQU = 0. Solving equation 4.5 we obtain









g(CSC + CU )
. (4.8)
Equation 4.6 fits very well to the transient data, yielding the temperature de-
pendence of both the thermalization time τ and equilibration temperature ∆T∞
as shown in figure 4.5b. The most remarkable observation is perhaps the diver-
gence of τ , growing, from the 5 ps room temperature value, by a factor of five
close to TC . The variation of ∆T∞ is less dramatic, showing a small continuous
decrease with increasing temperature. The large error bar of ∆T∞ for T > TC is




4.7, since CP = (CSC+CU ) ≡ Ctotal and ∆Q is constant (in fact the absorbance
at ~ω = 1.55 eV is nearly constant with temperature across the phase transi-
tion), we can calculate Ctotal, which is in good agreement with the measured
CP = c
(DSC)
P ρV (see supplementary information).
Since one generally has CSC  CU (see also inset of figure 4.3) equation 4.8
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implying that the measured relaxation time τ is only function of the smallest
sub-system heat capacity CSC and of the thermal coupling constant g. Both
CSC and g can in principle vary with temperature, but the assumption of a
constant CSC implies a strong temperature dependenence of g, which is in con-
tradiction with expectation. The behaviour of g, calculated from equation 4.9
by arbitrarily fixing CSC , shows a steep decrease while approaching the critical
temperature from below (see supporting information), and reaches a minimum
which is five times lower respect the room temperature value. This dramatic
decrease of g is very unlikely to happen. The thermal coupling constant g
represents all phonon-phonon scattering processes connecting the initially ex-
cited phonons with the unperturbed ones. In particular, since g corresponds
specifically to the largest energy flow path, a decrease of 85% of g implies the
suppression of all phonon relaxation paths. Because of the large number of
phonons and possible relaxation paths such a decrease is improbable, gener-
ating the absurd conclusion that at the critical temperature no heat will flow
perpendicularly to the layers. Additional consideration in favor of a constant g
follow by analogy with studies of electron-phonon relaxation dynamic [23, 24],
where the coupling constant γe−ph is proved constant up to thousand Kelvin
differences (between electrons and phonons).
The assumption of constant g implies the divergence of CSC , which is in
agreement with the static heat capacity measurements. By fixing g in equation
4.9, it is obtained that CSC is proportional to τ , and thus it diverges at the





P . It is practical than to compare the relative heat ca-





from DSC measurements. The comparison can be made by properly scaling
g. As shown in figure 4.6 the agreement between the two relative heat capac-
ities is very good, and an estimate of the thermal coupling constant is found:
g = 0.4 1017 W/Km3. We would like to note that this coupling constant is
very close to the electron-phonon coupling constant measured in metals[25, 26].
Note that the fact that Max(CSC/Ctotal)<10% guarantees the previously made
assumption that CSC CU , even in proximity of the critical temperature. In
order to understand the the divergence of CSC , it is necessary to consider in
detail which are the phonons contributing to CSC .
The partial heat capacity CSC accounts not only for the pure inorganic Cu-
Cl modes, but also for high group velocity (HGV) phonons, like acoustic and soft
modes. Let’s first consider the microscopic processes involved during the first
picosecond after the photo-excitation. Photo-excited Cu electrons are strongly
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Figure 4.6: Comparison between CSC , as obtained by scaling g, and the con-




P . The divergence is fitted with
a power law in order to extract the critical exponent of the phase transition
at 340 K.
















Figure 4.7: Energy relaxation diagram: light excites Cu electrons, which relax
in very short timescales to Jahn-Teller Cu-Cl modes; Cu-Cl pure inorganic
modes relax than to high group velocity phonons (<1 ps). Thermal equilib-
rium is established by energy transfer from HGV phonons to higher energy
optical, moslty hybrid, phonons.
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coupled to optical JT modes (I modes in figure 4.3). As observed in Ziman
[27], optical phonons can decay mostly via two acoustic phonons, o → a + a
(o as optical and a as acoustic phonons), since all other processes are strongly
suppressed by energy and k-vector conservations, and selection rules. Also high
k-vector optical phonons, which might be created in the absorption process,
have high probability of decaying to low energy modes, via umklapp processes
[28]. Once JT modes fully relax to HGV phonons (< 1 ps) the inverse process
a+a→ o takes place, and thermal equilibrium is established by energy transfer
to optical H modes. Note that the process o→ a+ a is more probable than the
inverse one, because of Fermi “Golden rule”: [27, 29]:
W (i→ f) = 2pi
~
|〈f |H ′|i〉|2Df (E), (4.10)
where i and f are the initial and final states, W (i → f) = 1/τif represent the
transition probability (inverse of the decay rate τif ), H
′ is the time dependent
perturbation hamiltonian and Df (E) the density of final states. The density of
final states of o → a + a is dimensionally larger than for the inverse process2,
which explains the large time-scale difference. In summary the thermal coupling
constant g, measured by TRB experiments, represents the phonon scattering
process a+a→ o, and more in specific the thermalization between HGV phonons
to higher energy optical hybrid modes.
The divergence of CSC is in agreement with Raman spectroscopy measure-
ments, where low-frequency modes are observed to soften at the critical tem-
perature. The softening of vibrational modes causes in general changes of the
frequency spectrum D(k) [27], which strongly influences the heat capacity. Ad-
ditionally the decrease of the soft mode energy ω(k) (at some k-vector of the
Brillouin space) is in general partnered by an increase of the phonon group ve-
locity ∂ω(k)∂k . Thus, in proximity of the ferroelectric phase transition, the “soft”
vibrational modes become HGV modes, thus contributing to the SC sub-system.
Additionally, because of the collapse of ω(k), the “soft” modes might also cause
the divergence of heat capacity term c
(2)
P . A summary of the dynamics and
timescales of the thermalization processes is shown in figure 4.7. Assuming
direct coupling between the divergence of CSC and the soft-mode behavior de-
scribed in Raman spectroscopy it is possible to derive, based on scaling laws
hypothesis [30], all critical exponents of the phase transition (see supporting
informations). By fitting CSC with a power low (see figure 4.6) it is found that
α = 0.63± 0.09.
2While Da+a→o(E) represents only a single probability point in the phase space,
Do→a+a(E) represents curve, a single variable integral in k-space.
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We now discuss the main features, the advantages and the possible applica-
tions of the method presented in this chapter. The method assumes the ability
of selectively exciting and probing different components of the system under
investigation. The first important aspect of the technique is that, as can be
observed from equations 4.8 and 4.9, the relaxation time τ is sensitive to the
smallest of the sub-systems heat capacities. This characteristic allows to select
a specific degree of freedom and characterize its properties. This cannot be in
general achieved by static techniques. Additionally, because the measurement
does not require any ramping temperature like in DSC, the critical temperature
TC can approached infinitely slowly. In fact, it should be noted that the Ra-
man spectroscopy measurements and the ultrafast method here described span
two different ranges of temperature. While Raman spectroscopy is sensitive to
the order parameter from 270 K up to 320 K (where the mode α becomes too
weak to be fitted) [3], the optical method detects more pronounced changes only
above 320 K up to TC .
4.5 Conclusion
The interplay between the high group velocity and optical phonons in the lay-
ered multiferroic PEACuCl had been studied by time-resolved linear birefrin-
gence experiments. The divergence of the thermalization time, observed in
proximity of the ferroelectric phase transition at 340 K, is caused by the di-
vergence of the heat capacity of the high group velocity vibrational modes.
These modes carry heat through the material during the initial picosecond after
photo-excitation. The coupling constant between this type of modes and the
other optical phonons is measured by a fully optical time-resolved method, and
estimated to be g ∼ 0.4 1017 W/Km3.
The method presented here is based on the selective excitation of parts of a
multicomponent system. It is possible to apply the technique to study other
phase transitions, with the advantage, respect to static measurements, to inves-
tigate any specific property of the system components and in particular their
coupling.
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4.6 Appendix
Static absorption and birefringence measurements are performed on the set-up
shown in figure 4.8a. The white light, provided by a lamp, is monochromatized
with single grating step-motor monochromator. The beam is than mechanically
chopped at 400 Hz, polarized, and modulated with a photo-elastic modulator.
After transmission through the sample light is collected by a single photodiode.
The signal is analyzed according to the standard scheme for absorption and
birefringence measurements (Ref. ).
The pump-probe measurement set-up is shown in figure 4.8b. The source pulse,
at 800 nm with 120 fs duration, is delivered by an amplified Hurricane sys-
tem (1 kHz). The beam is split to generate the probe pulse with a TOPAS,
tuned at 650 nm. The pump and probe pulses are delayed and recombined on
the sample. The probe pulse is collected and analyzed with standard balanced
photo-detection method.
The system heat capacity, as measured by differential scanning calorimetry, is
Figure 4.8: Set-up for: absorption and birefringence (a) and pump-probe (b).
compared with Ctotal, as measured by time-resolved linear birefringence (see fig-
ure 4.9a). The two values are in good agreement. Note that the error bar of the
data point above TC is due to the lower accuracy of the rotation-to-temperature
conversion (the slope of the birefringence curve, as a function of temperature,
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) compared with c
(DSC)
P , as measured from static calorimetry.
b) Temperature dependence of g, assuming CI constant.
System β α γ δ ∆ aH a
PEACuCl 0.33 0.63 0.73 3.2 1.1 0.76 0.73
Landau (classic) 0.5 0 1 3 1.5 0.75 0.5
Table 4.1: Critical exponents for the ferroelectric phase transition at 340 K in
PEACuCl, as obtained combining the measured β and α according to scaling
laws equations.
is quite flat).
In right figure 4.9 the thermal coupling constant g is calculated assuming tem-
perature independence of the heat capacity CI .
By combining the critical exponent obtained from the divergence of CI , α, with
β = 0.33, the critical exponent obtained from Raman spectroscopy measure-
ments, all critical exponent (table 4.1) are derived in the frame of scaling law
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Chapter 5
Low-dimensional magnetism of the OIHs
In this chapter I describe the low-dimensional magnetism of the organic-inorganic
hybrids. The OIHs are layered systems, and this aspect has profound influence
on their magnetic state. As I will show below analogous spin systems, charac-
terized by the same type of interactions, might not order when confined in lower
space dimensions than three. On of the goals of the following pages is to find
the limiting conditions to undergo a magnetic phase transition in lower – and
in particular two – dimensional systems.
5.1 Low-dimensional Hamiltonian
The relation between magnetic order and low-dimensional systems is the subject
of various reviews and books [1–3]. Here I want to recall the most important
concepts and results, initially considering only the behavior of ideal systems


















is the typical starting point of a discussion on magnetism. In particular in the
following pages I will follow the excellent review paper of De Jongh [3]. Equa-
1This model system is often referred to as the anisotropic exchange Heisenberg Hamilto-
nian.
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tion 5.1 contains only interaction between nearest spins. The term Sxi represents
the x-spin operator of the i-th spin. The exchange constant Ja expresses the
interaction strength between the x-components of neighboring spins. Accord-
ingly Jb describes the interaction between the y- and the z- spin components.
Other important variables of H are the number of nearest neighbors z and the
spin value S = 1/2, 1, 3/2... .
The following discussion will set a framework useful to understand how ideal
systems behave depending on equation 5.1 and on the dimension of space, called
the lattice-dimensionality (LD). How real low dimensional systems are realized
in practice will be discussed in the next session.
There are three limiting cases of interest described by the Hamiltonian 5.1: the
Heisenberg, the XY and the Ising model. The Heisenberg model is defined by
a = b = 1, with the spins fully free to orient in three dimensions. In the XY
model the spins are confined into two dimensions, and this is obtained by set-
ting: a = 0 ∧ b = 1. Last is the Ising model, defined by: a = 1 ∧ b = 0. For this
reason we will refer to the spin-dimensionality (SD) of a system as the available
dimensions of the spin (e.g. n = 3 for Heisenberg and n = 1 for the Ising model).2
Let’s consider now a spin S = 12 quadratic lattice with Ising interactions, as
a function of the lattice-dimensionality (LD). In figure 5.1a (taken from [3]), the
magnetic heat capacity Cm/R is shown as a function of the reduced temperature
T/θ, for 1, 2 and 3 dimensions. Note that the curve is calculated analytically in
case of the Ising model (Ising 1925, Onsager 1944 and Blo¨te-Huiskamp 1969).
For the Heisenberg model the solutions are not analytical, and more details
can be found in Ref. [3]. Also the mean field (MF) model is plotted, which
actually orders magnetically at the Curie temperature θ = 23zS(S+ 1)J/k. The
heat capacity shows a divergence, or a kink, for all curves except for the one-
dimensional case. In general the magnetic heat capacity shows a maximum,
or a slope-change, when long-range-order (LRO) is established. This is due
to the proportionality relation between the static pair correlation function and
the magnetic energy.[3] The continuous behavior of the Ising chain shows that
no LRO is estabilshed at any T 6= 0 temperature. Some simple considerations
illustrate the origin of this behavior. Consider the free energy F = U − TS,
2Note that what I present here are more properly defined as the pseudo-Ising and the
pseudo-XY systems, as the original systems are obtained by actually forcing the spin to have
respectively only 1 or 2 vector component. A part from a different critical temperature the
behavior of the pseudo and non-pseudo models is qualitatively the same. Accordingly, in the
remaining of the chapter, I will omit the prefix pseudo- when referring to the pseudo-Ising or
pseudo-XY models.
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a) b)
Figure 5.1: Magnetic contribuitions in S = 12 square lattice in 1, 2 and 3
dimensions: a) Ising and b) Heisenberg Hamiltonian. Figures taken from
[3].
function of the internal energy U and the entropy S. In order to evaluate the
possibility of an ordered ground state both the energy U and the entropy S
must be calculated. Assuming J > 0, the minimum energy for a N-spin Ising
chain/ring is E0 = −JaN/2, obtained by aligning all the spins. The single
spin-flip has an energy cost of +∆E = Ja, and also gives an entropy increase of
S = kBlnN (the spin can be flipped in N different positions). Even at very low
temperatures it is advantageous to have spin-flips as, since N →∞, the entropy
gain can always compensate the energy cost. The minimum of the free energy
F is consequently a high entropy disordered state. As the lattice-dimension
is increased, the entropy gain cannot compensate the cost of the spin-flip, and
LRO can be established. This is indeed observed already for the 2-d Ising system





When the spin-dimensionality is increased, like in the Heisenberg model, we
expect the entropy to have an increasing role. In fact, as observed in figure
5.1b, both 1-d and 2-d Heisenberg magnetic heat capacities do not diverge.
These results are summarized in the Mermin-Wagner-Berezinskii theorem[2, 4]:
in one and two dimensions no spontaneous magnetization is established at any
T > 0 for both Heisenberg and XY type interactions. 3
3In general the theorem states that continuous symmetries cannot be spontaneously broken
at finite temperature in systems with sufficiently short-range interactions in d ≤ 2 dimensions.
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Basically, in two dimensional systems like the layered hybrids, LRO is estab-
lished only in presence of Ising-like interactions. Real systems obviously have
intermediate type-interactions, with a 6= b 6= 0. Even in this case the critical
temperature is determined by the likely presence of Ising anisotropy, as it is the
only possible cause of magnetic ordering. It was in fact shown that already small
deviations from pure Heisenberg 2d Hamiltonian, like for a = 1 and b = 0.999
the systems orders at a critical temeprature close to the 2d Ising TC .[5] Devia-
tions from the ideal two dimensional character of the system, like the presence
of the other layers, only cause small shifts of the critical temperature, as we
will show in subsection 5.2. It should be mentioned that, as shown by Stanley
and Kaplan[6], in case of Heisenberg interactions the magnetic susceptibility χ
still diverges at some non-zero temperature, giving rise to a special magnetic
phase with no magnetic order: Ms = 0 and χ = ∞. This peculiar magnetic
state was indeed demonstrated with experiments on layered hybrids[7, 8]. This
shows that, even if the systems presented here are very simple, great care must
be taken in discussing LRO, dimensionality and the presence of magnetic phase
transitions.
Next section discusses how in real systems the spin-dimensionality is tuned.
5.1.1 Origin of the anisotropy
Often in real systems the variation of spin-dimensionality is not achieved by
asymmetries in the exchange interactions, as can be done in equation 5.1 by
varying a or b, but because of perturbations of the Hamiltonian H (with a '





The Ising-like behavior of real systems often results from an Heisenberg interac-
tion with an anisotropy term D < 0 (called single ion anisotropy), which intro-
duces a uniaxial anisotropy. The planar Heisenberg system, corresponding to
the XY ideal model, is achieved by setting D > 0. The Hamiltonian of equation
5.2 had been studied in many occasions. For example the one-dimensional case
corresponds to the well known study of Haldane[9]. In the two-dimensional case
it was shown that even small values of D < 0 lead to magnetic ordering[10, 11],
with critical temperature weakly dependent on D[12]:
TC ∼ 4piJ
ln(J/|D|) . (5.3)
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This shows that the anisotropy plays a very important role in determining the
magnetic order of layered spin systems. It is clear that in nature it is actually
hard to realize an ideal Heisenberg system, because of the many possible sources
of anisotropy. Examples of such sources are the presence of a single-ion crys-
tal field or magnetic dipole interactions. The presence of a crystal field splits
the degenerate atomic orbitals and, via the spin-orbit interaction, spins find a
preferential orientation. 4 This happens for instance with Jahn-Teller ions. It
is interesting to note that actually the Cu2+ ions are quite ideal Heisenberg
systems, because of the quenching of the L = 2 orbitals. The small aniso-
tropy which spoils the Heisenberg character of the systems is in general due to
single-ion anisotropy.
The layered Cu-based hybrids have in general planar-type anisotropy. The
crystals are a better approximation of the XY model the higher the anisotropy
field HIA, defined by gµBH
I
A = 2DS, is. Actually for orthorhombic structures a
hard and a soft axis are distinguished; HIA is defined as the in-plane anisotropy,
between the easy axis and the next preferred one, and HIIA the out-of-plane
anisotropy between the hardest axis and the easy axis. A second anisotropy can
be introduced in the Hamiltonian by adding a term KS2y to H′, and assuming
D > K > 0. For D  K we have planar-type interactions while for K ' D
Ising-type. Accordingly the anisotropy fields are defined as follows:
HIA = 2DS/gµB (in-plane),
HIIA = 2KS/gµB (out-of-plane).
(5.4)
It could be expected that the largest of the anisotropy determines the char-
acter of the spin system. For this reason is useful to define HIA ≡ HXYA
and HIIA ≡ HIsingA 5. As already mentioned the situation is different, and the
magnetic-regime depends on the considered temperature range, but the critical
temperature is determined by the anisotropy leading to a Ising-like transition.
Up to now we focused on the magnetic properties of ideal 1-, 2- and 3- di-
mensional systems. It is clear that real systems are still “confined” in three di-
mensions, and next section is devoted to the description of how a d-dimensional
magnetic system is magnetically influenced by the remaining (3−d)-dimensional
space.
4The crystal field should not be too large respect to the spin-orbit coupling (not to cause
orbital momentum quenching), and larger respect to TC (in order to “activate” the magnetic
interaction).
5Note that the definition of the anisotropies in Ref. [3] is different. For this reason we
define, in accordance to Ref. [13], HXYA and H
Ising
A .
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5.2 Lattice- and spin-dimensionality crossovers
As we deal with low dimensional structures confined into three dimensions, it
is obvious that the spin will have different interaction couplings, depending on
the position of the neighboring spin. This can be represented by introducing
two coupling constants: i) J , describing the strong interaction between z ions
in the d-dimensional structure, and ii) the smaller J ′ = RJ coupling, for the












i · S(n)j . (5.5)
The first term is basically the low dimensional Hamiltonian of equation 5.1, with
n = 1, 2, 3 representing the spin-dimensionality.6 The second term in equation
5.5 is the summation along the remaining (3 − d)-dimensions. As observed in
Refs. [14, 15] it is logical to expect that at high temperatures T  TC(R) the
system would have d-dimensional character, since the spin correlation is gov-
erned by the strong exchange J . A crossover to a three dimensional behavior
should occur for some lower temperature T x(R), as the weaker interaction J ′
increases the spin correlations close to TC(R). Note that for layered systems
TC(R = 0) is determined by the 2-d Ising anisotropy. In this case, as soon as the
Ising layers order for some T/θ ∼ 0.5 (see figure 5.1)a, the interlayer coupling J ′
will determine the overall 3-d character of the crystal (universality hypothesis
[16]7).
It is relatively simple to demonstrate the presence of such L-D crossovers[14].
Let’s consider a thermodynamical function f(R, T ). It is important to note that
f(R = 0, T ) is the ideal d-dimensional system response, described in section 5.1,
with no perturbation from the remaining dimensions. The idea is to evaluate
the deviation from f(0, T ) when R is switched on. With the definition of the
differential deviation ∆f(R, T ):
f(R, T ) = f(0, T ) +R∂f(0, T )/∂R+O(R2) ≡ f(0, T )[1 + ∆f(R, T )],
6Thus n = 1, 2, 3 respectively represent the S = 1
2
Ising, XY and Heisenberg system.
7Universality hypothesis predicts that the critical exponent obtained from 2d Ising system
is always three dimensional if close enough to TC ; only if strictly J
′ = 0 the critical exponent
is two-dimensional.
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it is found that
∆f(R, T ) = z′(J/kT )R χ(R = 0, T ) +O(R2). (5.6)
Note that previous equation is valid only for the magnetization or the isothermal
susceptibility (z′ is the number of neirest neighbors in (3 − d)-dimensions and
χ(R = 0, T ) = χT/C the low dimensional susceptibility, with C Curie constant).
There are two important consequences resulting from equation 5.6:
1. sgn∆f = sgnJ ′ and, e.g., f will shift upwards for a interlayer ferromag-
netic interaction;
2. Dependence on signJ : because of the strong dependence of χ(0, T ) on
sgnJ , ∆f strongly depends on J .
For J > 0 χ(0, T ) diverges at some TC(0) and the fractional deviation ∆f will
become very large as T → TC(R). Instead for J < 0 χ(0, T ) is finite and
it is virtually impossible to detect a crossover. Cu-based layered hybrids are
2-dimensional systems, characterized by ferromagnetic intralayer interactions
(J > 0), small (|J ′| ' 10−4) and “tunable” interlayer interaction. As expected
lattice-dimensionality crossover was observed in (C2nH2n+1NH3)2CuCl4 type
hybrids [14].
Similarly to lattice-dimensionality crossover (L-DC), in low dimensional mag-
netic systems a spin-dimensionality crossover (S-DC) can be expected.[13] For
example a Heisenberg system with small XY anisotropy will undergo spin-
crossover, from n = 3 to n = 2, by decreasing temperature in proximity of TC .
In presence of Ising anisotropy the system will also undergo a second crossover,
from n = 2 to n = 1. It should be noted that S-DC can precede L-DC, this
depends on which is the largest deviation from Heisenberg interactions: J ′ or
the anisotropies HIsingA and H
XY
A .
In layered Cu-hybrids, as we will see in section 5.3, typically it is found that:
i) |R| ∼ 10−(2→6);
ii) RXYA ≡ HXYA /HE ∼ 10−3 and
iii) RIsingA ≡ HIsingA /HE ∼ 10−4,
where HE = 2zJS/gµB is the interlayer exchange effective field (z is the number
of neighbors in the layer). So basically the critical temperature is determined
by the fact that we deal with 2d Ising systems which order at TC/θ ∼ 0.5. The
general sequence for Cu-based hybrids is: 2d Heisenberg to 2d XY at ∼ 16 K, 2d
90 Magnetism of the hybrids
XY to 2d Ising at ∼ 12 K and finally L-DC from 2d to 3d Ising.[13] We should
note that, because the energy scales are very small, the presence of external
magnetic fields can strongly influence the magnetic character of the system, as
a new strong perturbation is introduced (even the earth magnetic field might
cause some difficulties in the determination of J ′!).
We now consider the specific magnetic properties of some Cu-based OIHs, in
order to apply the considerations made in the previous sections to real crystals.
5.3 Magnetic properties of layered Cu-based hy-
brids
The magnetic properties of ferromagnetic (FM) and antiferromagnetic (AFM)
Cu-based hybrids are described. We consider three exemplary compounds:
PEACuCl, MACuCl, and EACuCl. All the three samples are characterized
by intralayer ferromagnetic interactions (J > 0). Interlayer interactions are in
all cases very weak: |J ′|/J ≤ 10−3. Since all these compounds had been stud-
ied in the past, it is sufficient to report here a table with all relevant magnetic
properties (see table 5.1). A discussion of the origin of the exchanges and the
magnetic ordering is given in following subsections.
It is very important to clarify how the constants are obtained, since for low-
dimensional magnets often 3-d formulas are inaccurate:
1. TC is critical temperature obtained from low field and low temperature
susceptibility measurements.
2. J/k is the intralayer exchange constant obtained from Baker high tem-
perature susceptibility series [19], since it is known that the Curie-Weiss
model is very poor for 2-d systems [17, 20].
3. HA/HE is the ratio between the XY- and Ising-like anisotropy fields, de-




remind that when HXYA  HIsingA the system has planar anisotropy, and
if HXYA ∼ HIsingA the system has Ising character.
4. J ′/J is the ratio between the interlayer and intralayer exchanges. Because
of the very low values of J ′, estimates are very difficult, and are mainly
derived from field dependent susceptibility, magnetization or magnetic
torque measurements [3].
5. Curie-Weiss temperature θ is calculated from J/k using the formula θ =
2
3zS(S + 1)|J |/k.
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6. d1 is the intraplanar distance between magnetic ions and d2 the distance
between magnetic ions between nearest-neighboring layers.
Following subsection describes the origin of the ferromagnetic exchange J ,
common for all Cu-based OIHs. A discussion of the anisotropy and interlayer
exchange values is given in subsection 5.3.2.
5.3.1 Intralayer exchange: Kugel-Khomskii mechanism
As all Cu-based OIHs have ferromagnetic intralayer exchange J , the main mech-
anism is here outlined. The ordering mechanism is described in “Orbital and
magnetic structure of of two-dimensional ferromagnets with Jahn-Teller ions”
of Khomskii and Kugel [21]. The magnetic transition metal Cu2+ has 9 d-
electrons, with S= 1/2 and L = 2. Because of its Jahn-Teller activity the
orbital momentum L is quenched, and orbital degeneracy is removed. This sin-
gle ion anisotropy causes elongation of one of the octahedral Cu-Cl distances,
and the hole orbital is in the dx2−y2 orbital. In Cu-based OIHs the dz orbital
lays in the inorganic layer, and it is orthogonal to next ion dz orbital. Such
orbital ordering is called the cooperative Jahn-Teller effect. Also the dx2−y2
orbitals are placed at angles of 90 degrees respect to each other. As predicted
by Goodenough-Kanamori rules the superexchange interaction (via the shared
Cl anion) between neighboring Cu spins will then be ferromagnetic, as indeed
observed.
The relation between cooperative Jahn-Teller ordering, magnetic and elec-
tronic properties is a very interesting topic. In OIHs the magnetic ordering
temperature is much lower than the Jahn-Teller transition, indication of, at
best, a weak coupling between the two degrees of freedom.
5.3.2 Nearly isolated 2-dimensional Cu layers
As discussed in the review paper of De Jongh [3], the transition temperature
in layered magnetic systems is determined by the Ising character of the Hamil-
tonian, and the size of J ′ only causes small deviations of the thermodynamical
functions as described in section 5.2. In table 5.1 the parameters for Rb2CuCl4
and K2CuF4 are added, in order to elucidate the effect on TC/θ of |J ′/J |,
HIsingA or H
XY
A . First of all it should be noted that a high value of H
XY
A does
not influence TC/θ, since such anisotropy only introduces a planar Heisenberg
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character which does not result in magnetic ordering8. We are left with the
comparison between |J ′/J | and HIsingA . |J ′/J |, as observed comparing EACuCl
and Rb2CuCl4, determines the transition temperature, as it is the largest de-
viation from the ideal Heisenberg model. In Cu-hybrids with higher interlayer
spacing, like MACuCl and PEACuCl, |J ′/J | ≤ HIsingA , and the transition tem-
perature value is determined by “both these deviations from the ideal model”[3].
In syntheses most of the Cu-based hybrids are collections of ideal isolated 2d
Ising ferromagnets, with extremely small anisotropy.
We discussed before the spin- and lattice- dimensionality crossovers that
happen above the phase transition temperature. But what is the best picture
to describe these nearly two dimensional magnets below TC? This depends on
the comparison between R = J ′/J and RIsingA = H
Ising
A /HE :
• If R > RIsingA than we have a real three dimensional Heisenberg system;
• if R < RIsingA the system is a “collection” of ordered 2d Ising layers,
coupled togheter by some weak interaction J ′.
In this picture EACuCl is quite unique, being an 3d Heisenberg antiferromagnet.
Most of the Cu-based layered OIHs are a collection of 2d Ising layers coupled
by a weak antiferromagnetic interaction, with the exception of PEACuCl and
MACuCl where it is ferromagnetic. In summary, below the ordering tempera-
ture, PEACuCl and MACuCl are a collection of 2d Ising layerd coupled by a
weak ferromagnetic interaction while EACuCl is a 3d Heisenberg antiferromag-
net.
5.3.3 Dependence of the magnetization on the applied
field
We briefly discuss the dependence of the magnetization M on the applied field
H. In particular we consider the magnetization at zero applied field, B = 0. As
can be found in Blundell [2], the spontaneous magnetization Ms is graphically
obtained by solving simultaneously M/Ms = BJ(y) and M = KBTy/gJµBJ
′λ,
where BJ is the Brillouin function, gJ the Lande` g-value and J
′ the exchange
interaction9. It is found that stable non-zero solutions are found below a tem-
perature TMs 6=0 such that KBTMs 6=0 ∼ µBJ ′. In particular, since in OIHs
8In fact, going from Rb2CuCl4 to K2CuF4 TC/θ decreases although the latter has ten
times larger HXYA anisotropy.
9J ′ is the exchange that causes the 3d ordering, thus the one to use. In the mean field
model J is used, since there J ′ = J .
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TMs 6=0
TC
∝ J′J ∼ 10−4, then
TMs 6=0 ∼ 10−4TC ∼ 1 mK.
So we do not expect any magnetization at B = 0 down to mK-regime, thus no
hysteresis.
5.4 Basic principles of magneto-optical effects
In this section the magneto-optic response of a birefringent orthorhombic crystal
is deduced in analogy to the isotropic case. The response of a material in pres-
ence of an applied magentic field H can be fully described by the macroscopic
displacement tensor D (setting µ=1 [22]), with use of the dielectric permeability
(or permittivity, dielectric tensor) :
D = (H)E. (5.7)
For non absorbing media, as shown in Landau [23], and with use of the symmetry
principle ik(H) = ki(−H), equation 5.7 can be further simplified to:
D = ′E + iE× g, (5.8)
where ′ is the real symmetric tensor and g is the gyration vector. In first
approximation, since the perturbation due to H is zero with no applied field,
the gyration vector is proportional to H:
g = fH.
It is common to consider the propagation of the wave along the z-axis. As can be
deduced from equation 5.8, in case of isotropic media (cubic crystal structure)
only the component of the magnetic field parallel to k affects the propagation of
light. The situation is analogous for a orthorhombic crystal, with both applied
magnetic field and light propagation along z-direction. In this case it can be
shown that the dielectric tensor can be written as [24]:
D =
 x ig 0−ig y 0
0 0 z
E. (5.9)
Note that g = gz = fHz. This observation is important for the interpretation of
magneto-optic experiments, since optical measurements in transmission probe
the magnetization component parallel to the electromagnetic wave propagation.
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Detailed calculation of the wave propagation is given in [24], here we only
outline the solution. The solution is found solving the system of equations{ ∇×E = −∂B/∂t
∇×H = ∂D/∂t . (5.10)
From equation 5.9, with conditions of propagation of light along z and B = µH,










the solution can be expressed with the x and y components of the electric field,












The matrix M is expressed as follows:
M =
(
cos(φ/2)− i cos(χ)sin(φ/2) −sin(χ)sin(φ/2)




• φ = lµω2√(x − y)2 + 4g2,
• cosχ = (1− α2)(1 + α2),
• sinχ = 2α/(1 + α2),
• α = 2g/(2z − [(x + y) +
√
(x − y)2 + 4g2]) and
• l is the sample thickness.
In case of a cubic crystal we have sinχ = 1 and cosχ = 0 (α = 1), and the
matrix M just rotates the polarization of the electric field over an angle
θF ≡ φ/2 = µω2gl, (5.13)
called the Faraday Rotation (FR).
The effects of the birefringence on the optical propagation are quite complex,
but in general cause only a reduction of the measured FR. In the paper of
Tabor [24] the reduction of the measured FR angle θF due to birefringence is
discussed, showing the oscillatory dependence of θF on the sample thickness.
Birefringence also causes an oscillatory dependence of the magneto-optic effect
to be a function of the frequency [25]. Additionally, in the Cu-based hybrids, the
presence of absorption bands in the measured optical region further complicates




A=I0 sin2(θF) B=I0 cos2 (θF)
Applied magnetic field H
H      Configuration      Scheme
K // H       Faraday
K H          Voigt 
ψ
Figure 5.2: Scheme depicting the set-up for the detection of the Faraday ro-
tation θF . Note that θF is always proportional to the magnetization com-
ponent along the light k-vector. The angle ψ describes the tilt angle of the
normal to sample surface with respect to the light propagation. A rotation
of the sample of ψ, combined with Voigt geometry, allows the determination
of the magnetization perpendicular to k.
the evaluation of the M-O effects. It is very important to correctly interpret the
experimental magneto-optical signals both as a function of applied magnetic
field and frequency. As our goal is to study the magnetic properties of Cu-
hybrids with M-O probes, next sections are devoted to the demonstration that
basically birefringence can be neglected once a proper probe frequency is chosen.
5.5 Experiments
5.5.1 Faraday and Voigt M(H) geometries
In this section we describe two optical schemes to measure the magnetization
of the crystal along a specific axis. In figure 5.2 a sketch of the optical set-up
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and a summary table of the configurations is given. The optical measurements
are always performed in transmission (see subsection 5.5.2 for more details).
Faraday configuration refers to the scheme where the applied magnetic field
H is directed along the light propagation. When instead the applied field is
perpendicular to light propagation the configuration is called Voigt configu-
ration. It is important to note that anyway the probed quantity is the rotation
of the electric field polarization θ, which is proportional to the magnetization
along the k-vector of the light. In this sense the probed quantity is always the
FR θF , which, as observed in previous section, probes the component of the
magnetization along k. When the sample is rotated, over an angle ψ as in figure
5.2, along an axis perpendicular to both k and H, the geometry is referred to
as tilted-Voigt configuration.
As will be shown in the experimental part, the hard-axis magnetization
is best probed in Faraday geometry while the easy-axis magnetization is best
probed in Voigt (or tilted-Voigt) geometry.
5.5.2 Balanced Photodetection
The polarization rotation angle θ is measured using a balanced photodetection
technique. As drawn in figure 5.2, the incoming polarized light is transmitted
through the sample; a Wollaston Prism (WP) splits the vertical and horizontal
components of the transmitted electric field, which are detected with two photo
diodes. A half wave plate is placed before the WP, in order to balance the light
intensity on the two detectors. It can be easily shown that the polarization







Changes of the transmitted light T = A + B are proportional to H2, and in
general are small.
5.5.3 θF (H) curves
Layered ferromagnet, Faraday geometry
In figure 5.3 the dependence of the rotation angle θF on the applied magnetic
field Hz is shown for ferromagnetic PEACuCl. The measurement is performed
in Faraday geometry, at 5 K and at 870 nm. In this configuration the applied
field and the light k-vector are parallel to the hard c-axis. In agreement with
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Figure 5.3: a) FR θF (H) of PEACuCl in Faraday geometry (M ‖ k), at 5 K
and measured at 870 nm. b) θF (H) of PEACuCl in tilted Voigt configuration
(the inset shows the dependence of θF (H) on the tilt angle ψ).
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SQUID measurements [17, 26], the magnetization is saturated at approximately
300 mT. We note a step of θF at very low fields, below 10 mT. This step is
due to the sudden realignment of the spin along the easy a-axis of the crystal
10. It should be noted that from this measurements it is not possible to accu-
rately measure the coercitive field HC and the remanescent magnetization MR,
but a maximum value of the hysteresis gap of 1 mT can be estimated. Addi-
tional measurements at lower temperatures should be performed to measure HC
and MR. The behavior of the Faraday rotation of the ferromagnetic samples
PEACuCl and MACuCl is similar. The magnetic field dependence of θF in
Faraday configuration for EACuCl is also similar to PEACuCl, since, along the
c-axis, no spin reorientation is expected. In fact in all cases the spins are forced
out of the easy inorganic plane, and the anisotropy parameter HXYA is similar
in all Cu-based hybrids, as it is a layer property.
Layered ferromagnet, tilted-Voigt geometry
Figure 5.3 shows the field dependent faraday rotation of PEACuCl, measured
at 5 K and 870 nm in a tilted-Voigt geometry. At very low applied fields
the FR angle reaches saturation and afterwards, with increasing H, is reduced
asymptotically to θF ∼ 0. Since in tilted-Voigt geometry a component of H
is parallel to the magnetic easy axis-a the spins immediately align at very low
applied magnetic fields (∼ 10 mT). Since the Faraday rotation measures the
projection of the total magnetization along the a-axis onto the k-vector of light,





inset figure 5.3b). At higher applied fields the spins are forced away from the
a-axis, in the direction of the applied field and perpendicular to the k-vector of
light, so that θF (H → ∞) → 0. In case of PEACuCl, θF decreases to zero at
fields above 150 mT.
Layered antiferromagnet, tilted-Voigt geometry
As can be observed from figure 5.4 the Faraday rotation in the AFM EACuCl
as a function of applied field is different from PEACuCl, because of the presence
of a spin-flop transition. The optimal configuration to study the spin-flop tran-
sition is at at low tilt-angles ψ ∼ 0. In fact, when the applied field H is parallel
to the magnetization easy axis, the spin-flop transition occurs above a certain
critical field HSF . This is indeed observed at approximately 5 mT, as expected
10The magnetization along a Ma axis is not properly probed in Faraday geometry, since
θF ∝ k ·Ma ∼ 0.
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Figure 5.4: Magnetic field dependence of Faraday rotation angle in tilted-
Voigt configuration for the antiferromagnetic EACuCl, at various tilt angles
ψ.
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from the anisotropy value HIA (see table 5.1). With increasing applied field, the
spins are forced along the same direction perpendicular to the k-vector of light,
and θF decreases. Note that at high applied magnetic fields (H ≥ 200 mT)
the measured Faraday rotation increases with the tilt angle ψ because of the
increasing component of the spin-flopped component of the magnetization along
k.
5.6 Temperature dependent magnetization
Temperature dependent FR curves for MACuCl and EACuCl are shown in figure
5.5. The temperature dependence for PEACuCl is equivalent to MACuCl. In
both materials the maximum FR value θmaxF at ∼ 7 mT decreases with temper-
ature. As can be observed in figure 5.6 θmaxF follows the zero field magnetization
along the easy a-axis, with TC = 9.65 K. The critical exponent is not used as a
variable in the fit, but fixed at 1/3.
The temperature dependence of θF in EACuCl can be decomposed into two
parts: the spin-flop regime (θs−fF ), between 20 and 60 mT, where θF is con-
stant with applied field and decreases to zero at TC ; and the high-field (θ
h−f
F )
component, linear in H and decreasing slowly with increasing temperature. Ac-




F ; with θ
s−f
F ∝ sign(H) between 20 and
60 mT (and zero elsewhere) and θh−fF ∝ H. The different temperature behavior
of the FR components, shown in figure 5.6. is due to the fact that θs−fF probes
the AFM dependence and θh−fF the FM component of the magnetization. In
fact, while θs−fF decreases to zero just above TC = 10.2 K, θ
h−f
F at T ∼ 20 K.
5.7 Conclusion
Magnetic field and temperature dependent Faraday rotation measurements show
that magneto-optical measurements can properly probe the low-dimensional
magnetic properties of layered Cu-based hybrids. The birefringence of the sam-
ples, although reducing the size of the MO effects, does not affect the possibility
of measuring the intrinsic magnetization of the materials. All Cu-hybrids stud-
ied here order because of presence of Ising anisotropy or interlayer exchange. In
the studied temperature range, between 4 K and 30 K, the systems basically
behave like a collection of 2d Ising layers. Only EACuCl is an exception, as J ′
breaks the two dimensional character of the system rather than the continuous
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Figure 5.5: θF (H) curves at different temperatures for MACuCl (upper) and
EACuCl (lower), with tilt angle of 30◦.
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Figure 5.6: (Top) FR maximum as a function of temperature for MACuCl,
obtained at 7 mT from fig. 5.5. The fitting curve is obtained by fixing the
critical exponent at 1/3.
(Bottom) θmaxF at 20, 40 and 115 mT, in EACuCl. Note that the low field
FR are obtained by subtracting the linear component in H of θF .
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character of the interaction.
In next chapter the interaction between electron, spin and lattice is investi-
gated by time-resolved Faraday rotation.
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Chapter 6
Spin precession in Layered ferromagnets1
In this chapter I describe and discuss the spin precession dynamics of Cu-based
organic-inorganic hybrids induced by ultrashort coherent light pulse excitation.
The chapter is organized as follows. First I will briefly overview the field
of ultrafast magnetization dynamics, with emphasis on open challenges and po-
tential in applications. An essential summary of the magnetic properties of
Cu-based hybrids is also included, and for more details I refer to previous chap-
ter. After description of the experimental set-up I will present the magnetiza-
tion dynamics measurements in ferromagnetic MACuCl and antiferromagnetic
EACuCl. The discussion is basically divided into two parts. The first part is
devoted to the magnetic field dependence of the magnetization, focusing on the
initial ferromagnetic reorientation and on the slower (∼100 ps) spin precession.
The temperature dependence study at fixed applied field is given in the second
part of the chapter, with a comparison between MACuCl and EACuCl.
Finally I show how the observed increase of the magnetization at TC in
MACuCl is consistent with the assumption of a pump-induced enhancement of
the magnetic anisotropy HA. The timescales of the phenomenon suggest that
the increase of HA is caused by the phonons created by the absorption of the
pump photons.
1This chapter is based on a manuscript (submitted), with authors: Antonio Caretta,





6.1.1 Ultrafast magnetization dynamics
It is generally recognized that the field of ultrafast magnetization dymanics had
being initiated by the work of Beaurepaire et al on Ni thin films[1]. In this work
the photo-induced changes of the magnetization are probed by Magneto-Optic
Kerr-Rotation (MOKE). The main finding of this work is that “subpicosecond
demagnetization can be induced using femtosecond optical pulses”. This conclu-
sion is deduced from the observation that the magnetization decay is just slightly
delayed with respect to the increase of the electronic temperature. Such demag-
netization rate was quite surprising, as electron-phonon coupling was thought
stronger than spin-phonon coupling, and photons could not efficiently transfer
angular momentum.
This fundamental discovery stimulated not only fundamental research on the
underlying mechanisms but also enlightened the idea of controlling the magne-
tization by light. In fact, right after the Beaurepaire paper, a number of exper-
iments showing optical manipulation of the magnetization were published[2–4].
In particular the photo-generation of coherent spin precession was demonstrated
as well as the possibility of controlling of the spin precession direction via the
inverse Faraday effect.[5] These investigations lead finally to the spectacular
observation of all-optical magnetization switching in GdFeCo using circularly
polarized photons.[6] The physical mechanism is still debated in terms of ther-
mally and non-thermally (all-optical) driven processes[7], although there are
concerns about the ability of the terminology to fully describe the problem[8].
Recently the field of ultrafast magnetization, “femtomagnetism”[9], started
to address increasing attention towards other possible ultrafast switches, like
propagating acoustic phonons[10] and spin waves[11], or spin polarized electron
transport[12] and spin transfer torque[13]. The role of this category of potential
switches was potentially hidden during the photo-excitation, and it is difficult
to categorize it within the concept of thermal and/or non-thermal mechanisms.
Anyways experimental demonstration of such alternative switching agents is
now recognized, and theoretical investigations follow this trend[14].
The investigation on femtomagnetism is not only of fundamental interest,
but has great potential in technological applications in memory devices. Moore’s
laws predicts that the number of transistors on integrated circuits doubles ap-
proximately every two years. Electronic industry had been capable of following
this prediction down to the nanoscale, but the speed of magnetic switching (few
nanoseconds) lags behind the speed of modern PCs (clock speed of few GHz, i.e.
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below 1 ns). This so-called ultrafast gap stimulates research into faster switches.
It should be mentioned that advancements in the field of femtomagnetism will
clearly benefit the research on all-optical computers.
The main observations described in this chapter are the initial non-precessional
spin reorientation at short timescales (≤5 ps) and the increase of the precession
amplitude at TC in MACuCl. As I will argue in the remaining of this chapter,
both phenomena are related to the modification of the magnetic anisotropy after
the absorption of pump-photons. The modification of the magnetic anisotropy
is extremely relevant for the field of all-optical magnetization control, as it of-
ten cause the initiation of the spin precession. Additionally, as I will recall in
next paragraph, the magnitude of the magnetic anisotropy in Cu-based hybrids
has direct influence on the critical temperature, thus on the magnetization. I
will discuss the short-timescale spin reorientation in terms of photo-generated
phonons, in line with recent trend of research[14].
As the materials I investigate here are not well known in the field, I briefly
review of the main magnetic and transport properties.
6.1.2 Magnetism of OIHs: brief summary
The layered Cu-based organic-inorganic hybrids here studied are nearly ideal
2-dimensional Heisenberg ferromagnets. The magnetic properties of the Cu-
based hybrids MACuCl and EACuCl had been extensively described in chapter
5. The structure is constituted by corner sharing CuCl6 octahedra, forming the
inorganic layers, and bilayers of organic cations, attached to the octahedra by
the NH3 heads. The intralayer exchange J is ferromagnetic due to cooperative
Jahn-Teller ordering (the the exchange orbitals are oriented perpendicularly to
each others), with J ∼20 K. The interlayer exchange J ′ is five orders of mag-
nitude smaller than J in most cases, and determines the overall 3-d character
of the compound: while MACuCl orders ferromagnetically at 8.9 K, EACuCl
orders antiferromagnetically at 10.2 K. As Extensively described in previous
chapter 2-dimensional Heisenberg magnets do not order at any finite temper-
ature. The only possible cause of ordering in Cu-based OIHs is the presence
interlayer exchange J ′, breaking the 2-d character, or axial magnetic anisotropy
HIsingA . The preferential axis breaks the Heisenberg continuous symmetry and
the system behaves similarly to an Ising 2-d magnet. The largest of the de-
viations from ideal situation between J ′ and HIsingA causes magnetic ordering.
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TC (K) J/k (K) J
′/J HIsingA /HE H
XY
A /HE
MACuCl 8.903 19.2 +5.5× 10−5 1.6×10−4 3×10−3
EACuCl 10.20 18.6 −8× 10−4 1.6×10−4 3×10−3
Table 6.1: Magnetic parameters for MACuCl and EACuCl. Note that HE
is the field corresponding to the intralayer exchange interaction J . It is
important to observe that in MACuCl the Ising anisotropy HIsingA is larger
than the interlayer exchange J ′. This causes a direct dependence of TC on
HIsingA , in clear contrast with EACuCl where |J ′| > HIsingA .
Specifically for MACuCl HIsingA > J
′ and viceversa for EACuCl J ′ > HIsingA .
2
It is very important to recall the dependence of the critical temperature TC on






where 2DS = gµBH
Ising
A is the magnetic anisotropy energy. It is clear that
modifications of HIsingA only affect MACuCl, as instead in EACuCl the critical
temperature is, in first approximation, only a function of J ′.
The extreme values of magnetic parameters in OIHs makes the materials an
interesting study case for magnetization dynamics. Additionally the insulating
character of the electronic transport properties greatly simplify the discussion
of the temporal evolution.
6.2 Experimental
6.2.1 Compounds
The samples are grown from solution in an analogy to PEACuCl (see ref. [15, 16]
and chapter 2). The magnetic parameters fully describing MACuCl and EACuCl
are reproduced in table 6.1.




Sample thickness is approximately 100-200 µm in all cases. Magnetic properties
are probed by Faraday rotation in transmission, at a fixed frequency of 1.55 eV
(800 nm).
Time-resolved experiments are performed in a 1 kHz Hurricane system with a
analogous scheme as in chapter 4. The main characteristic of the set-up is the use
of a Wallstone prism which separates the s- and the p-polarized components of
the probe. A balanced photodetector accurately measures the difference signal
and the sum. The fundamental pulses are used as probe, while the 2.38 eV
(520 nm) pump is generated with a NOPA, and optimally tuned to the Cu-Cl
charge transfer edge. The time-resolution of the experiment is approximately
150 fs. Magnetic measurements are performed in tilted-Voigt geometry (see
chapter 5), with incoming polarization parallel to the crystal optical axis. A
scheme of the set-up is shown in figure 6.1.
6.2.3 Method
As shown in previous chapter, the balanced photodetection technique allows
the determination of the rotation of polarization of the probe electric field θ,
as well as the amount of transmitted light T . Given the s- and p-polarized
components of the probe, A and B, we have T = A+B and θ = 1/2(B−A)/T .
In order to measure the sample magnetization we measure the dependence of
the linear birefringence (LB) on the magnetic field, the Faraday rotation θ(H)
(the transmittivity is independent on the applied field). A detailed study of
the Faraday rotation θ as a function of H and the temperature T is given in
chapter 5. Note that θ probes the projection of the sample magnetization along
the k-vector of the light propagation.
Time-resolved experiments are obtained by synchronous chopping of the pump
at 500 Hz. We define A and B as the lock-in signals obtained at 1 kHz (the
laser repetition rate), and ∆A and ∆B the signals obtained at 500 Hz. As the
used notation suggests the ∆ signals probe the pump-induced changes of the
probe electric field components. From the four lock-in readouts it is possible to
extract the pump-induced changes of the transmittivity,
∆T = ∆A+ ∆B












Figure 6.1: Set-up for the time-resolved Faraday rotation experiments. The
100 fs pump pulse at 2.38 eV (520 nm) excites the system. The magnetic
dynamics is probed by Faraday rotation with the time-delayed pulse at
1.55 eV (800 nm). As in static measurements the measurements are acquired
by balanced photodetection technique.
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where D is the difference signal D = B − A3. The transient ∆θ is not directly
proportional to the changes of the magnetization of the sample, as non-magnetic
changes of the birefringence are also detected. In order to obtain clean magneti-
zation measurements the transients are taken at two opposite fields, in order to
isolate the components of the signal linear in the magnetic field. In fact, assum-
ing that θ(M) = θ0 + θF ≡ θ0 +αM , it is possible to extract the magnetization
dymanics ∆M as
∆θ(M)−∆θ(−M) = 2α∆M.
It should be noted, as pointed out by Koopmans et al [17], that changes in
α might also influence ∆θ as strictly ∆θ = α∆θ + θ∆α. To discriminate this
possibility the ellepticity should be also measured. As I will show later ∆α is
irrelevant in my experiments. Given that θ(+M)− θ(−M) = 2αM , the relative






I discuss now the transient transmittivity chances of MACuCl and EACuCl. As
I will show in next section the measurements do not depend on the magnetic
field strength nor on temperature, and useful information about the energy
relaxation mechanisms can be obtained.
6.3 Results
6.3.1 Transient transmission, electron-hole dynamics
The transient transmittivity ∆T/T is independent on the applied magnetic field
and on the temperature in the studied regimes: H = 0−200 mT, T = 4−30 K.
The magnetic field and temperature dependence of the relative transmission
changes ∆T/T are shown in figure 6.2. The measurements are performed in
MACuCl, and can be taken as representative of EACuCl too, as the transmit-
tivity response is analogous. There are only minor differences in the excitation
density, due to small differences in absorption of the two compounds at the
pump frequency of 2.38 eV. This frequency is in fact very close to the Cu-Cl
charge transfer band, thus very sensitive to small structural differences. All
measurements show a fast decrease of the transmission at time zero, which co-
incides with the pump duration. A fast relaxation of 1 ps brings the system to
3The difference signal D is actually one of the direct readouts of the lock-in.
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Figure 6.2: Magnetic and temperature dependence of the transient transmit-
tivity in MACuCl. Note that the measurements on EACuCl are analogous
to MACuCl, as both materials have the same absorption characteristics.
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Signal Amplitude Time scale
Overlap -10% 200 fs
Initial relaxation -0.5% 1 ps
e-h recombination -0.5% ∼1 ns
Table 6.2: Relaxation mechanisms of the photo-induced absorption (PIA)
measured from the transient transmittivity ∆T/T in MACuCl (figure 6.2).
The large decrease of the transmission at the overlap is caused by two photon
absorption; the early relaxation mechanism corresponds to the thermaliza-
tion of the electrons to the bottom of the charge transfer band. The final
relaxation process is due to electron-hole recombination, probably via non
radiative Auger-recombination lasting approximately 1 ns.
a relative plateau, at approximately −0.5% of ∆T/T . The signal decays finally
at nanosecond timescales to its initial equilibrium state.
The observed photoinduced absorption (PIA) is due to the creation of electron-
hole pairs close to the bottom of the charge transfer Cu-Cl band at 2.3 eV. The
effects of the pump at 2.38 eV are similar to those described in chapter 4. The
pump pulse creates electron-hole pairs which relax in very short times to the
band gap bottom, releasing an energy δq = (~ω−EGap) ∼ 0.1 eV. This first re-
laxation processes correspond to the initial responce and to the initial interband
recovery occuring within 1 ps. At nanosecond times the dominant relaxation
mechanism is the electron-hole recombination, as indeed observed.
The temperature rise, due to the early relaxation mechanisms of the electrons
to the bottom of the band gap, causes an increase of the phonon temperature
of approximately 1 K. The calculation of the temperature rise is analogous
to what done in chapter 4. The heat capacity of the excited volume CV is
calculated from the low temperature measurements [18, 19], the spot size and
the pump penetration depth.4 Given the number of absorbed photons N and
the energy converted into heat per absorbed photon δq, the temperature rise is
easily estimated via ∆T = Nδq/CV ∼ 1 K.
As we will see in next section the the magnetization phenomena have differ-
ent timescales with respect to electron-hole relaxation processes just described.
This is a very important indication that the Faraday rotation transients measure
the genuine magnetic properties of the studied compounds.
4The magnetic contribution to heat in the studied regime is already very small compared
to lattice contribution.
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6.3.2 Transient Faraday rotation: first indication of mag-
netization dynamics
The pump excitation at 2.38 eV causes, at short timescales (5 − 100 ps), a
increase of the magnetization which is due to the precession of the spin to-
wards the inorganic planes. The static Faraday rotation curve of MACuCl (up)
and EACuCl (bottom) are shown, together with the respective pump-induced
changes ∆θ, at 5 K and at fixed time-delays. The static FR curves reflect
the ferromagnetic and antiferromagnetic ordering of respectively MACuCl and
EACuCl. For more details see chapter 5, here it is important to recall that the
FR θ probes the easy axis magnetization. I discuss here the transient FR ∆θ
signals, focusing on the negative and the late (δt > 100 ps) delays.
In MACuCl the shape of the transient FR curve ∆θ is proportional to the
static FR. In particular both negative and late delay signals are opposite in
sign to θ. This indicates that the pump pulse reduces the magnetization at
all fields, as intuitively expected by average heating effects.5 More interesting
is the fact that the late delay signal at 1.2 ns has smaller amplitude than the
negative delay one. This indicates that the pump, at short time scales, causes an
increase of the magnetization. We should keep in mind that the FR θ measures
the projection of M on the k-vector of the light probe. Such magnetization
enhancement must be due to a reorientation of the magnetization vector towards
the inorganic plane. In fact at 5 K all spins are oriented, and an increase of
the magnetization absolute value is impossible. A similar increase of the the
transient FR is also observed also in EACuCl, indication that the mechanism
involves the ferromagnetic layer properties.
In EACuCl the transient FR curve is proportional only to the spin-flop com-
ponent of the static FR. As can be observed in bottom figure 6.3, the negative
delay transient rotation ∆θ(−135 ps) is approximately zero above |H| ≥ 150 mT
and for |H| ≤20 mT, and has maximum value in the spin-flop range 30-80 mT.
This is clearly different from the static FR curve, characterized by the same
plateau in the spin-flop range, in addition to a linear component in the ap-
plied field. Like in MACuCl, the transient FR at positive delays are smaller
in amplitude with respect to the negative delays one. Also in this case the ob-
served increase of magnetization must be caused by spin reorientation, as still
the ferromagnetic layers are nearly fully oriented.
As I will show in next section the mentioned spin reorientation initiates a
spin precession around the magnetic anisotropies of the compounds. In order to
5The negative delay signal represent the signal after 1 ms, which is taken as reference by
the lock-in.
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Figure 6.3: Static and pump-induced Faraday rotation curves, at 5 K, in
MACuCl (top) and EACuCl (bottom).
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investigate the phenomenon with better temporal resolution I present in next
section 6.3.3 time-resolved transients, taken at fixed applied magnetic fields.
6.3.3 Magnetization dynamics
The magnetization dynamics, in both MACuCl and EACuCl, is characterized
by two time regimes. The first regime is characterized by a 6.5 ps increase of
the magnetization. The second regime starts as the magnetization increase is
smoothly turned into a spin precession with few hundreds picoseconds period.
The time dependence of the Faraday rotation at different applied fields, in re-
spectively MACuCl and EACuCl, is shown in figure 6.4. At early time-scales,
up to 50 ps after the pump arrival, the magnetization increases of approximately
0.5%. This magnetization increase does not depend on the applied field. Later
times are instead characterized by a oscillatory behavior, with an amplitude
of the same order of the initial magnetization increase and a period strongly
dependent on the applied magnetic field and on temperature.
Short time scales
The initial increase of the magnetization occurs at picosecond time scales and
does not depend on the pump polarization. The relative changes of the mag-
netization ∆M/M = ∆θ/θ are shown in figure 6.5. The measurements are
performed on EACuCl, at 5 K, ±60 mT and 4 mJcm−2. The transient is fitted
with a single rising exponent ∆θ ∝ (1− exp(−t/τ)), with τ ∼ 5 ps. As already
shown in figure 6.4 the initial magnetic dynamics does not depend on the applied
magnetic field, and is analogous for both MACuCl and EACuCl. In order to
check the possibility of non-thermal ultrafast changes of the magnetization we
performed the same experiments with different pump polarizations: angular de-
pendent linear polarization (LP), right and left circular polarization (RCP and
LCP). No appreciable difference are observed. Only the spike at the overlap has
different values depending on the pump polarization. But in this time regime,
there is also a huge non-magnetic contribution due to linear birefingence which
limits the accuracy of the extracted faraday rotation values. It is also likely that
at the overlap the variation of the magneto-optic coefficient ∆α is not negligible.
Very reproducible is the magnetization rise shown in figure 6.5, so I conclude
that the pump polarization does not affect the magnetization, even at short time
scales. This is rather surprising as some relevant magnetic parameters, like J ′
and HIsingA , are very small and should be strongly influenced by the magnetic
field generated by the inverse Faraday rotation effect. This suggests that the
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Figure 6.4: Transient Faraday rotation signals at 5 K for various applied mag-
netic field: a) ferromagnetic MACuCl and b) antiferromagnetic EACuCl.
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Figure 6.5: Short time scale magnetization dynamics in EACuCl. The initial
rise of the magnetization is well resolved, with a rise time of ∼6.5 ps, and it is
independent on the pump polarization. Also a Gaussian peak, corresponding
to the pump duration, is shown.
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initial reorientation is due to phonon thermalization, since only phonons can
transport energy at this timescales.
Long time scale: spin precession
The oscillatory behavior of the magnetization observed in the transient FR
traces is due to the precession of the spins around the resulting field generated
by the sum of the applied field H with the anisotropy HXYA . In figure 6.6 the
oscillation frequency of MACuCl and EACuCl at 5 K is show as a function of the
applied field. The frequencies are obtained from the maxima of the oscillations,
by averaging the periods. Also the amplitude of the oscillations are estimated
from the oscillation maxima (supplementary). It should be noted that, in par-
ticular in EACuCl, the damping factor seems to increase with increasing applied
magnetic field. For example while at 70 mT it is possible to detect more than
four oscillations of the magnetization, at 100 mT barely two oscillations are
visible.
The quasi-linear increase of the precessional frequency ω as a function of the






where γ is the gyromagnetic factor, g the Landau splitting factor and HA the
equilibrium material anisotropy. After the initial perturbation of the equilib-
rium direction of the magnetization, the spin precess around the resulting field
function of the external field and the anisotropy HA. The precession at the
measured time scales is perfectly described by equilibrium parameters. In both
MACuCl and EACuCl the anisotropy field is very small and ω is basically lin-
ear. For MACuCl an estimate for HA ∼ 200 mT is found, consistent with static
anisotropy fields described in previous chapter. For EACuCl the precessional
frequency perfectly matches with the antiferromagnetic resonance calculation
reported in literature[20].
The amplitude of the oscillation weakly depends on the applied magnetic
field. It is very difficult to estimate the amplitude of the oscillation, as other
slow oscillatory components might be present. In both MACuCl and EACuCl
the amplitude of the precession seem to be comparable to the initial increase of
the magnetization. It should be noted that the amplitude at low precessional
frequency below 1 ns cannot be obtained, as the oscillation does not complete
a period.
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Figure 6.6: Precession frequency in MACuCl (top) and EACuCl (bottom).
The fit in MACuCl is the ferromagnetic resonance as a function of applied
field. The curves in EACuCl are recalculated from literature[20].
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6.3.4 Temperature dependence magnetization dynamics
While the low temperature magnetic field behavior of MACuCl and EACuCl is
analogous the response of the two systems is radically different when crossing
the critical temperature. As I will show later all the magnetic components in
EACuCl decrease at the critical temperature TC proportionally to the sponta-
neous magnetization Ms. In MACuCl instead the amplitude of the precession
is anomalous, growing first to a maximum at TC , then decreasing again in the
paramagnetic phase. As I will describe in the following sections this is due to
an increase of the Ising-like magnetic anisotropy, which causes an increase of
the absolute value of the magnetization.
The magnetization oscillation in MACuCl slows down with increasing tem-
perature and has maximum amplitude at the critical temperature TC . The mag-
netization dynamics in MACuCl at various temperatures, measured at 2.5 mJcm−2
and ±40 mT, is shown in figure 6.7. Note that the plotted quantity is ∆θ(+H)−
∆θ(−H) ≡ ∆θ+ −∆θ−, a quantity which is proportional to the absolute mag-
netization. All the ∆θ+ − ∆θ− transients show a oscillatory behavior. With
increasing temperature, by looking to the first maximum at ∼300 ps, the os-
cillation amplitude increases up to TC and then decreases again. The peak is
also delayed with increasing temperatures, indication of a gentle frequency de-
crease. It is interesting to note that the initial growing component of the signal
decreases to zero at TC , and becomes much smaller compared to the precession
amplitude.
The magnetization precession in EACuCl shows a gentle slowing down with
increasing temperature, and a simple amplitude decrease above the critical tem-
perature. The magnetization dynamic measurements on EACuCl are shown in
figure 6.7, at fixed fluence and magnetic field. At short timescales the magne-
tization reorientation component slowly decrease with increasing temperature,
and disappear above TC in close analogy to MACuCl. In contrast instead to
MACuCl the amplitude of the oscillation, at later timescales, also decreases
down to TC .
In order to quantify these observations I estimate the initial reorientation
amplitude, by plotting the increase of ∆θ+−∆θ− at 50 ps; the amplitude and the
frequency of the precession are estimated as in section 6.3.3 from the oscillation
maxima. Note that the precession frequency had been scaled as the magnetic
fields are different. The resulting graph is shown in figure 6.8, where MACuCl
and EACuCl are directly compared. The behavior of the two compounds is
analogous when looking at the initial reorientation and the precessional fre-
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Figure 6.7: Magnetization dynamics in MACuCl (up) and EACuCl (bottom)
at fixed magnetic field as a function of temperature trough the magnetic
phase transition. Estimate of the oscillation and amplidute of the magnetic
oscillation is given in figure 6.8.
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Figure 6.8: Estimate of the initial reorientation amplitude ∆θ+−∆θ− at 50 ps
(top), of the frequency (middle) and precession amplitude (lower) as a func-
tion of temperature in MACuCl (squares) and EACuCl (dots).
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ferromagnetic magnetization Ms, thus strongly decrease as TC is approached
from below. The precession frequency shows a gentle redshift with increasing
temperature, in line with temperature dependence of the spin resonance. The
most striking difference between MACuCl and EACuCl is the amplitude of the
oscillation, which decreses to zero at TC in the later and nearly diverges in the
former, growing of a factor 3 from the 4 K value. Phenomenologocally, the
decrease of the magnetic signal proportional to the spontaneous magnetization
Ms in EACuCl, is logical. From this perspective the behavior of MACuCl is
exceptional, and in next section I discuss this observation.
6.4 Discussion
In this section I discuss the origin of the temperature dependence of the magne-
tization dynamics observed in MACuCl and EACuCl. It should be noted that
the behavior of the precession frequency is in agreement with magnetic reso-
nance measurements in equilibrium, so it is not necessary to discuss it further.
I will thus describe first the temperature behavior of the initial reorientation
of both compounds, which behaves like the spontaneous magnetization (of the
ferromagnetic layers) Ms. In section 6.4.2 I propose a model to describe the
temperature dependence of the precessional component of the magnetization.
6.4.1 Acoustic phonon induced non precessional reorien-
tation
There are two possible mechanism which can change the magnetization orien-
tation at the observed timescales. The first is the structural distortion due to
the acoustic phonons generated right after the initial pump photon absorption.
The second is the modification of the magnetic parameters due to the presence
of the electron-holes (e-h) pairs. As the system is a very good insulator there
is no need to consider the effect of conductive electrons or holes. Let’s assume
that the presence of e-h pairs changes the magnetic anisotropy, or the exchange.
This change is instantaneous, as it is activated by the presence of the exci-
tations, which are created within the pulse duration. The magnetization will
not change immediately, but will start to precess around the new equilibrium
position, according to Lifshitz-Landau equations. The maximum speed of reori-
entation is approximately T/4, where T is the equilibrium precession period. As
observed in previous section 6.3.3 the reorientation occurs within 6.5 ps, value
which is much shorter than T/4 ≥ 50 ps for EACuCl at approximately 70 mT.
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It should be noted that in case of photo-induced modification of the exchange
interaction the timescale of the reorientation would be limited by the longitu-
dinal magnetization precession, which is in general faster than magnetization
conserving precession. It is clear, by the matching of the observed frequencies,
that the reorientation is not related to longitudinal dynamics and e-h induced
mechanisms can be neglected.
By exclusion the origin of the reorientation is the burst of acoustic phonons
generated right after the photo-excitation. The coupling of acoustic phonons to
the magnetic system goes via the magneto-elastic coupling, as shown recently
in literature. This phenomenon is an intralayer mechanism, as it is analogous
in both FM MACuCl and AFM EACuCl, with same behavior as a function of
the magnetic field and temperature. The phonons cause a large modification
of the axial exchange interaction, as the strain they induce, proportional to the
number of phonons, influences the magnetization via the spin-orbit coupling.
In next section I will show how the increase of the axial magnetic aniso-
tropy, which happen in both MACuCl and EACuCl, causes an increase of the
precession amplitude only for the ferromagnetic MACuCl.
6.4.2 Magnetization enhancement via photo-induced ani-
sotropy modification
The increase of the precession amplitude at TC in MACuCl is due to an increase
of the magnetization due to the picosecond enhancement of the magnetic axial
anisotropy.
The magnetic responce after the pulse arrival of MACuCl an EACuCl is
analogous. The two systems are extremely similar when comparing the elec-
tronic and transport properties. Also phonon contribution are very similar in
the two materials. The only explicit difference is that in EACuCl the interlayer
exchange is larger than the Ising anisotropy HIsingA , and in MACuCl viceversa.
In case of a photo-induced modification of J we would expect the same behavior
in the two coumpounds. There must be only one mechanism capable to explain
both temperature dependent magnetic dynamics, since the pulse must induce
the exact same effects. Additionally we observed, from the precession frequen-
cies at 5 K, that the magnetization responce is very close to the equilibrium
properties. So it is unreasonable to claim large changes of the magnetic param-
eters, otherwise those would have been observed also at late timescales. For
example it is possible to assume an increase of the interlayer exchange J ′, which
weakly affects EACuCl but strongly enhances the ferromagnetic character of
MACuCl. The problem is that TC for MACuCl does not depend on J
′, and the
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increase of J ′ should overcome HIsingA by growing of a factor 3. Additionally
threshold and saturation effects should appear in the fluence dependence, which
are not observed at the low fluence regime of the present investigation. The
most influential magnetic parameter for MACuCl, which instead does not play
a fundamental role in EACuCl, is the Ising anisotropy. In fact, assuming sizable
changes of HIsingA , only the critical temperature of MACuCl would have notable
modifications. Changes of the critical temperature are enhanced at the critical
temperature, where larger is the slope of the spontaneous magnetization. This
is indeed observed in MACuCl, and I proceed to quantify the just proposed
model.
The increase of magnetization in MACuCl, due to an increase of the aniso-
tropy HIsingA , can be easily estimated from equation 6.1. First I calculate the
critical temperature increase due to an increase of HIsingA . Second I estimate,
from experimental values, the magnetization increase related to the increase of
the ordering temperature. Note that only the critical temperature of MACuCl
would increase, as TC in EACuCl is determined by J
′. The Ising anisotropy can
affect the magnetism of EACuCl too, but only when its magnitude oversizes J ′.
The increase of TC in MACuCl caused by a increase of the anisotropyD+∆D
is:




















As a consequence an increase of, for example, 10% of the anisotropy D would
lead to an increase of TC of 0.1 K.
The magnetization, because of such increase of TC , is enhanced and the effect





It is not easy to calculate the temperature derivative of the spontaneous mag-
netization at a specific applied field. I will just estimate the maximum slope at
TC from my measurements, and describe it with a factor x given in percent per
Kelvin, %/K. The factor x is obviously larger at low applied field, where the
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slope becomes infinite. The final expression for the increase of magnetization







For example, using a reasonable value of x = 15%/K and the previous hypothesis
of ∆D/D = 0.1, I obtain an increase of the magnetization of 1.5%, very close
to the maximum observed in MACuCl of 2%.
Such a small increase of the magnetic anisotropy, which perfectly describes
the observations, does not influence the values of the precession frequencies
measured in previous section. In particular it has no role for the magnetization
dynamics in EACuCl, and the amplitude simply scales as the layer spontaneous
magnetization Ms, reducing to zero at TC as indeed observed.
6.5 Conclusion
The magnetization dynamics in both MACuCl and EACuCl, studied in this
chapter, can be fully described by a photo-induced enhancement of the axial
Ising-like anisotropy, which causes an increase of the magnetization precession
amplitude in MACuCl close to TC . After the initial reorientation of the mag-
netization, observed in both compounds, the spin precess at the characteristic
equilibrium precession frequency. The initial reorientation might be related to
phonon relaxation, which would cause a lattice modulation and consequently
an increase of the magnetic anisotropy; but further investigation is required to
properly adress this issue. The increase of the anisotropy only affects MACuCl,
as the critical temperature in this case is direct function of HIsingA . The over-
all effect is an increase of the precession amplitude peaking at TC , absent in
EACuCl.
The method used here to study the OIHs can be used to investigate the FM
and AFM resonances in equilibrium. Additionally the particular range of the
magnetic parameters of the OIHs, like the anisotropy or the interlayer exchange
J ′, makes this class of materials very interesting study cases. It is in fact likely
that a small modification of one of the parameters, induced by proper stimulus,
causes a huge effect on the overall magnetic behavior, which should be easily
measurable with standard methods.
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Summary
In this thesis I study the behavior of phonons and spins in layered Cu-based
organic-inorganic hybrids. In the chapters 2, 3 and 4 I investigate the tempera-
ture behavior and energy relaxation dynamics of the phonon system. Chapters
5 and 6 are devoted to the study of the time evolution of the spin system after
ultrashort light excitation.
The main characteristic of the organic-inorganic hybrids I investigate here is
the low dimensional character of their structure (chapter 1). As described in
detail in chapters 1 2 and 3, the Cu-based inorganic constituents form layers,
separated by organic molecules. The inorganic layers are the most important
ingredient for the magnetism, as the Cu ion has one single unpaired electron.
The unpaired electron interacts ferromagnetically with the next nearest ion,
because of the Jahn-Teller type of orbital ordering and the perpendicular orien-
tation of the occupied orbitals (chapter 5). The organic molecules are oriented
perpendicularly to the inorganic layers and have an intrinsic electric dipole. The
intrinsic electric dipole of the organic molecules, together with the positioning
of the NH3 head at the interface with the inorganic layer, is the main ingredient
of the ferroelectric ordering observed at 340 K (chapter 2). The combination of
ferromagnetic ordering, within the inorganic layers, and ferroelectricity makes
the hybrids a new class of multiferroics. This is the first demonstration of the
multifunctional properties of the hybrid materials, which stimulates the prac-
tical interest on such type of compounds. Next challenge is instance to obtain
conductivity of the organic layers making these materials potentially interesting
for the field of spintronics, but in principle the material design can be adapted
to any specific need.
In this thesis I highlight the fundamental role of phonons in proximity of phase
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transitions (chapter 4) and how modifications of the magnetic anisotropy can
enhance the magnetic order (chapter 6). Phonons are highly sensitive to struc-
tural modifications at a phase transitions. It is known that most second order
phase transitions are partnered by softening of specific modes. These modes
are called soft modes, and basically their displacement characteristics repro-
duce the structural distortion happening at the critical temperature. In some
cases it is possible to identify structural modifications that are very difficult to
detect using x-ray diffraction experiments. This is indeed the case studied in
chapter 2, where I could connect the anomalous behavior of a shear phonon
mode with the structural distortion leading to ferroelectric order in the layered
Cu-based hybrid PEACuCl. The combination of Raman and IR spectroscopy,
DFT calculations and soft mode analysis, provides a very detailed picture of the
structural modifications occurring at the phase transition.
Soft modes are not just static probes of a phase transitions; they have a very
interesting active role in proximity of the phase transition, affecting the energy
transport properties of the crystal. At this stage it is interesting to raise a ques-
tion: are soft modes just probing the structural phase transition or are they
driving it? In a sense this problem is analogous to the philosophical question
of the chicken and the egg. In chapter 4 I investigate the active role of soft
modes at a phase transition by studying the modification of the energy trans-
port properties due to the soft modes. Approaching the critical temperature
the soft modes change their dispersion curve, and this causes large modifica-
tions of the heat capacity. In chapter 4 I propose a method to determine the
heat capacities and thermal coupling constants of multicomponent systems. I
show that the observed critical slowing down of the energy flow is consistent
with soft modes evolution, supporting the idea of an active role of these modes
in the phase transition itself.
A natural evolution of this investigation would be to control the phase of a
system by the excitation of specific soft modes. This is potentially provides a
general approach to induce photo-induced phase transitions or switching in a
controlled manner. Analogous is the problem of modifying the spin-structure
with an optical pulse. Femtomagnetism is one of the rising fields in condensed
matter physics. The common question is the possibility of ultrashort (sub-
picosecond, femtosecond) modifications of the magnetic ordering, ranging from
demagnetization to spin precession and magnetization switching. In chapter
6 I show how the magnetization of layered OIHs can be increased by a photo-
induced enhancement of the magnetic anisotropy. Direct control of the magnetic
anisotropy by excitation of structural distortions is intimately related to recent
investigations on the role of acoustic modes in magnetization switching.
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Organic-inorganic hybrid materials, because of the easy tunability of physical
properties by variation of the constituents and the variety of forces and ranges,
offer the opportunity to study a large number of phenomena. As shown in chap-
ter 2 and 3 the variety of intra crystalline forces, from short range covalent bonds
to long range dipolar interactions, causes the appearance of a large variety of
interesting phenomena. An example is the thermochromic behavior, caused by
the large difference of compressibility of the crystal constituents (see chapter 3).
The investigation of such phenomena is greatly simplified by comparison with
analogous hybrids, tunable according to the research needs, as done in chapter
2 with the vibrational comparison of iso-structural compounds. I conclude that
not only the layered organic-inorganic hybrids are interesting for applications,
but are particularly interesting for the investigation of physical phenomena, such
as the role of phonons and spin in proximity of phase transitions.

Samenvatting
In dit proefschrift bestudeer ik het gedrag van fononen en spins in gelaagde
op Cu gebaseerde organische anorganische hybriden. In hoofdstuk 2, 3 en 4
bestudeer ik de temperatuursafhankelijkheid en de energie relaxatie dynamica
van het fonon-systeem. Hoofdstukken 5 en 6 zijn gewijd aan de dynamica van
het spin systeem na een ultrakorte licht puls.
Het belangrijkste aspect van de organische anorganische hybriden dat ik bestudeer
is het lage dimensionale karakter van hun structuur. Zoals beschreven in hoofd-
stuk 1 2 en 3 vormen de op Cu gebaseerde anorganische ingredinten lagen welke
worden gescheiden door organische moleculen. De anorganische lagen zijn erg
belangrijk voor het magnetisme in de hybriden, omdat het Cu ion een enkel
ongepaard elektron heeft. Het ongepaarde elektron heeft een ferromagnetis-
che interactie met zijn naaste buur. Dit vanwege de Jahn-Teller genduceerde
orbitaal ordering, en vanwege de loodrechte orintatie van de bezette orbitalen
(hoofdstuk 5). The organische moleculen zijn loodrecht georinteerd ten opzichte
van de anorganische lagen en hebben een intrinsiek elektrisch dipool moment.
Het intrinsieke dipool moment van de organische moleculen, tezamen met de
positionering van de NH3 groep aan de grenslaag met de anorganische laag,
vormen de basis voor de ferroelektrische ordering die optreed beneden de 340 K
(hoofdstuk 2). The combinatie van ferromagnetsiche ordering van de anorgan-
ische lagen en de ferroelektriciteit maken dat de hybriden behoren tot de klasse
van multiferroische materialen. Dit is de eerste demonstratie van de multifunc-
tionele eigenschappen van hybride materialen, wat ervoor kan zorgen dat de
interesse in deze materialen zal toenemen, mede door de mogelijke toepassin-
gen. De volgende uitdaging is om ervoor te zorgen dat de organische lagen
elektrisch gaan geleiden wat ervoor kan zorgen dat deze materialen interessant
worden voor spintronica toepassingen. De fysische eigenschappen van de hybri-
141
142 Samenvatting
den kunnen in principe naar wens worden aangepast.
In dit proefschrift benadruk ik de belangrijke rol van fononen in de nabijheid
van de fase overgang, en laat ik zien hoe modificaties van de magnetische
anisotropie kunnen zorgen voor een sterkere magnetische ordering. Fononen
zijn erg gevoelig voor de structurele modificaties bij de fase overgang. Het is
bekend dat de meeste tweede orde fase overgangen worden vergezeld door een
frequentie verlaging van een specifieke mode. Deze specifieke mode wordt ook
wel een weke mode genoemd. Hun verplaatsingskarakteristiek komen overeen
met de structurele verdraaiing die plaats vind op de kritische temperatuur. Door
deze weke mode te bestuderen is het in sommige gevallen mogelijk om struc-
turele modificaties te meten die nauwelijks te meten zijn met rntgen diffractie
experimenten. Dit wordt gedaan in hoofdstuk 2 waar ik het abnormale gedrag
van een schuif fonon mode kon relateren aan de structurele verdraaiing die leidt
tot ferroelektrische ordering in de op Cu gebaseerde gelaagde PEACuCl hybride.
Een combinatie van Raman- en IR spectroscopie, DFT berekeningen en weke
mode analyse, resulteert in een zeer gedetailleerd beeld over de structurele mod-
ificaties tijdens de fase overgang.
Weke modi zijn niet alleen een indicatie van een fase overgang. Ze spelen ook
een interessante actieve rol in de nabijheid van een fase overgang, waar ze de
energie transport eigenschappen van een kristal benvloeden. Op dit moment
is het interessant om ons de vraag te stellen: zijn de weke modi alleen maar
een indicatie voor de fase structurele overgang, of drijven ze de fase overgang
ook aan? Op een bepaalde manier komt dit probleem overeen met het filosofis-
che probleem van de kip en het ei. In hoofdstuk 4 onderzoek ik de actieve rol
van weke modi bij de fase overgang. Dat doe ik door de modificaties in de en-
ergie overdracht ten gevolge van de weke modi te bestuderen. In de nabijheid
van de kritische temperatuur veranderen de dispersie curves van de weke modi.
Dit kan leiden tot grote veranderingen in de hitte capaciteiten. In hoofdstuk 4
introduceer ik een methode die hitte capaciteiten en thermische koppelingscon-
stanten kan bepalen in multicomponent systemen. Ik laat zien dat de kritische
vertraging van het energie transport consistent is met het gedrag van de weke
modi. Dit suggereert dat de weke modi een actieve rol spelen in de fase overgang.
Een logische volgende stap in het onderzoek is om te kijken of het mogelijk is om
de fase van een systeem te controleren door specifieke weke modi te exciteren.
Dit opent mogelijk een weg om optisch genduceerde fase overgangen te maken
in een gecontroleerde manier. Ook is het interessant om te kijken of het ook
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mogelijk is om de spin structuur te veranderen met een licht puls. Femtomag-
netisme is een van de snel groeiende onderwerpen in de vaste stof fysica. De
vraag nu is of het mogelijk is om de magnetische structuur te veranderen (demag-
netiseren of omschakelen) op ultrakorte tijdschaal (sub-picoseconde, femtosec-
onde). In hoofdstuk 6 laat ik zien hoe de magnetisatie van gelaagde organische
anorganische hybriden kan worden vergroot door middel van lichtgenduceerde
versterking van de magnetische anisotropie. De controle van de magnetische
anisotropie door middel van excitatie van structurele verdraaiingen heeft veel
overeenkomsten met het recente onderzoek naar de rol van akoestische modi in
de magnetisatie omschakeling.
In organische en anorgansiche hybriden kunnen de fysische eigenschappen makke-
lijk worden aangepast door andere bestandsdelen te gebruiken wat ervoor zorgt
dat een grote verscheidenheid aan fenomenen kan worden bestudeerd. Zoals
ik heb laten zien in hoofdstuk 2 en 3, zorgen de verscheidenheid aan intra-
kristallijne krachten (korte-afstand covalente bindingen tot en met lange-afstand
dipolaire interacties) voor een grote variteit aan interessante fenomenen. Een
voorbeeld hiervan is het thermochromisch gedrag dat wordt veroorzaakt door
het grote verschil in kompressibiliteit van de verschillende bestandsdelen (zie
hoofdstuk 3). Het onderzoek naar zulke fenomenen wordt vergemakkelijkt door
de mogelijkheid om verschillende analoge hybriden te ontwerpen waarvan de fy-
sische eigenschappen kunnen worden aangepast. Deze methode is ook gebruikt
in hoofdstuk 2 waar de vibrationele eigenschappen van iso-structurele materialen
is vergeleken. Ik concludeer dat de gelaagde organische anorganische hybriden
niet alleen interessant zijn voor latere toepassingen, maar ook bijzonder interes-
sant zijn voor het bestuderen van verschillende fysische fenomenen; bijvoorbeeld
voor het bestuderen van fononen en spins nabij de fase overgang.

